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Committee  Chairman 

Welcome  to  the  22nd  meeting  of  the  International 
Conference  on  Infrared  and  Millimeter  Waves.  About  240 
papers  were  submitted  to  the  Conference  from  22  countries, 
which  indicates  the  international  character  of  the  research  in  the 
field  of  infrared  and  millimeter  waves.  One  of  our  goals  was  to 
emphasize  applications  of  infrared  and  millimeter  wave  devices 
since  very  often  novel  (or  even  potential)  applications  may 
cause  new  trends  in  the  development  of  the  devices.  Therefore 
we  included  in  the  Conference  Program  a  number  of  plenary 
talks  devoted  to  this  issue.  Plenary  talks  will  start  every 
morning  and  afternoon  sessions.  These  talks  will  be  followed 
by  three  parallel  sessions  containing  invited  and  contributed 
presentations. 
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Committee  members  in  preparation  of  the  Program.  Especially 
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Wiltse. 

All  of  us  who  were  involved  in  the  preparation  of  the 
Conference  wish  all  participants  a  productive  and  enjoyable 
visit  to  Wintergreen  Resort  for  the  22nd  International 
Conference.  We  are  thankful  to  the  authors  and  speakers  for 
their  extensive  efforts  to  provide  the  latest  research  results. 

Gregory  Nusinovich 
Program  Committee  Chairman 


IV 


ORGANIZING  COMMITTEE 

General  Chairman 

K.  J.  Button 


Organizing  Committee 

R.  H.  Jackson,  Chair 
H.  P.  Freund,  Digest  Editor 
R.  W,  McMillan,  Exhibition 
M.  R.  Jackson,  Social  Program 


Program  Committee 

G.  S.  Nusinovich,  Chair 
K.  Evenson 

H.  Fetterman 
K.  Kreischer 
F.  Skiff 

J.  Wiltse 

International  Advisory  Committee 


V.  L.  Granatstein,  Chair 
T.  Antonsen 
C.  Armstrong 
R.  Barker 

A.  V.  Gaponov-Grekhov 
T.  V.  George 
A.  Hadni 
T.  Itoh 
M.  Kimmit 
K.  Mizuno 


M.  von  Ortenberg 
R.  Parker 
T.  Parker 
K.  Sakai 
Liu  Shenggang 
R.  Temkin 
M.  Thumm 
M.  Q.  Tran 


The  23rd  International  Conference  on 
Infrared  and  Millimeter  Waves 

September  7-11,  1998. 

University  of  Essex 

Wivenhoe  Park,  Colchester,  Essex,  C04  3SQ,  United  Kingdom. 


The  twenty  third  conference  in  this  series  will  be  held  at  the  University  of  Essex  in  Colchester. 
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surrounded  by  river  estuaries,  and  it  is  close  to  the  River  Stour  and  the  border  with  the  county  of 
Suffolk,  a  delightful  area  associated  with  the  landscape  artist  John  Constable.  The  university  is 
modem’,  with  a  purpose  built  lecture  theatre  block  which  can  accommodate  ^1  parallel  sessions  in 
one  building.  Ample  residential  accommodation  is  available  on  campus  witWn  a  few  minutes  walk 
of  the  lecture  theatre  block  with  a  range  of  prices  and  facilities  that  should  suit  everyone. 
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mixers,  amplifiers,  thermal  and  photon  detectors,  Schottky  diodes,  Josephson  and  SIS  devices, 
imaging  arrays,  FET  amplifiers.  Guided  propagation  and  components:  waveguides  and  other 
structures,  Gaussian  beams,  integrated  devices,  optical  fibres.  Spectroscopic  techniques: 
interferometric,  laser  and  heterodyne  spectroscopy.  Spectroscopy  of  solids,  liquids  and  gases. 
Astronomy  and  atmospheric  physics:  techniques,  results  and  interpretation.  Applications  in  biology 
and  medicine.  Plasma  interactions  and  diagnostics.  Technical  and  industrial  applications,  imaging, 
remote  sensing,  non-destructive  testing. 
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The  Kenneth  J.  Button  Prize 

.  in  recognition  of  outstanding 
contributions  to 

the  science  of  the  electromagnetic 
spectrum.” 

1996  Medal 
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Institute  of  Applied  Physics 

Russian  Academy  of  Sciences 

1997  Medal 

Professor  Paul  L.  Richards 

Department  of  Physics 
University  of  California,  Berkeley 

The  Kenneth  J.  Button  Medal  in  Far  Infrared  Physics  is 
awarded  in  recognition  of  outstanding  contributions  to  the 
science  of  the  electromagnetic  spectrum.  The  prize  is  awarded 
annually  by  The  Institute  of  Physics  at  that  year’s  International 
Conference  on  Infrared  and  Millimeter  Waves.  The  1996  and 
1997  prizes  will  be  awarded  to  Profs.  Petelin  and  Richards 
respectively  at  the  22nd  International  Conference  in 
Wintergreen,  Virginia,  USA  on  22  July  1997.  The  award 
consists  of  a  £1,400  prize  and  a  bronze  medal.  Nominations 
for  the  1998  Button  Medal,  including  candidates 
qualifications,  should  be  sent  to: 

The  Institute  of  Physics 

Attn:  Clive  Jones,  Senior  Manager 

76  Portland  Place 

London  WIN  4AA 

UK 
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CONFERENCE  PROGRAM 
The  22nd  International  Conference  on 
Infrared  and  Millimeter  Waves 
20-25  July  1997 


Monday  AM 

Plenary  Talk:  R.  Roy,  "Mm-Wave  Material  Processing" 

raLs 

Quasioptics 

Radars  &  Antennas 

Monday  PM 

Plenaiy  Talk:  D.  Whittum,  "Mm-Wave  Drivers  for  Linear  Colliders" 

CRMs 

Waveguides  I 

Atmospheric  Smdies 

Tuesday  AM 

Plenary  Talk:  P.L.  Richards,  "FIR  &  Mm-Wave  Detectors  for 
Astrophysics" 

Plenary  Talk:  M.I.  Petelin,  "Relativism  in  Microwave  Electronics" 

Gyrotrons  I 

Waveguides  11 

Solid  State  Devices  I 

Tuesday  PM 

Plenary  Talk:  A.  Wong,  "Global  Communication  Network  Using  Geo- 
Stationary  Stratosphere  Platforms" 

Gyrotrons  II 

Numerical  Methods  I 

Solid  State  Devices  11 

Wednesday  AM 

Plenary  Talk:  M.  Kimmit,  "Tunable  THz  Sources" 

Gyrotrons  III 

Vacuum  Sources  I 

Lasers 

Wednesday  PM 

Trip  to  Monticello 

Thursday  AM 

Plenary  Talk:  A.  Hadni,  "Infrared  Spectroscopy  of  High  Tc 
Superconductors " 

Gyrotrons  IV 

Solid  State  Sources 

II 

Spectroscopy 

Thursday  PM 

Plenary  Talk:  J.  Mead,  "Mm-Wave  Radars  for  Atmospheric  Sensing" 

Gyrotrons  V 

Applications 

Solid  State  Devices  HI 

Friday  AM 

Plenary  Talk:  B.  Lax,  "Quantum  Interpretation  of  Mm-  and  Submm- 
Wave  Sources" 

Relativistic  Sources 

Biological 

Applications 

Numerical  Methods  II 

MORNING: 


Plenary  Sessions:  8:15  A.M.  -  9:30  A.M. 

Regular  Session:  9:45  A.M.  -  12:30  P.M. 

LUNCH  BREAK:  12:30  P.M.  -  3:30  P.M. 

AFTERNOON: 

3:30  P.M.  -  4:30  P.M. 
4:30  P.M.  -  7:00  P.M. 


Plenary  Sessions: 
Regular  Sessions: 


IX 


SESSION  Ml  -  Free  Electron  Lasers 


Monday,  A.M.  July  21 

Ml.l  FIRST  EXPERIMENTAL  DEMONSTRATION  OF  THE  REGEN¬ 
ERATIVE  AMPLIFIER  FEL  (RAFEL)  -  (Invited) 

R.  Sheffield,  Los  Alamos  National  Laboratory,  USA 

Ml. 2  FIRST  EXPERIMENTS  OF  THE  FOM  FUSION  FEM 
T.  Verhoeven,  FOM,  Netherlands 

Ml. 3  RECENT  RESULTS  FROM  THE  COMPACT  INFRARED  FREE 
ELECTRON  LASER 

H.  Bluem,  I.S.  Lehrman,  J.  Krishnaswamy,  R.A.  Hartley,  R.H.  Austin 
Northrop-Grumman  Corp.  and  Princeton  University,  USA 

M1.4  OPERATION  OF  A  KA-BAND  CHI  WIGGLER  UBITRON  AM¬ 
PLIFIER 

J.M.  Taccetti,  R.H.  Jackson,  H.P.  Freund,  D.E.  Pershing,  V.L.  Granatstein, 
Naval  Research  Labortory,  USA 

M1.5  A  TUNABLE  FIR  GRATING-BASED  FEL 
J.  Urata,  M.  Kimmitt,  A.  Naumov,  C.  Platt,  J.  Walsh 
Dartmouth  College,  USA 

Ml. 6  THE  CERENKOV  FEL,  A  VERSATILE  SOURCE  FOR  MM-  AND 
SUBMM  WAVELENGTH  RADIATION 
P J.M.  Van  der  Slot,  J.  Wieland,  J.  Couperus,  W.J.  Witteman, 

Netherlands  Center  for  Laser  Research,  Netherlands 

Ml. 7  THE  INFLUENCE  OF  THE  VELOCITY  DISTRIBUTION  ON  THE 
PERFORMANCE  OF  A  CERENKOV  FEL 
P.J.M.Van  der  Slot,  J.  Wieland,  J.  Couperus,  W.J.Witteman, 

Netherlands  Center  for  Laser  Research,  Netherlands 

Ml. 8  PRELIMINARY  DESIGN  OF  A  W-BAND  FREE-ELECTRON  LASER 
AMPLIFIER 

H.P.  Freund,  B.G.  Danly,  R.H.  Jackson,  B.  Levush 
Naval  Research  Labortory,  USA 

Ml. 9  A  Ka-BAND  BRAGG  FREE  ELECTRON  MASER  OSCILLATOR 
A.D.R.  Phelps,  A.  W.  Cross,  D.A.  Jaroszynski,  C.G.  Whyte,  W.  He,  N.S. 
Ginzburg,  N.  Yu.  Peskov, 

University  of  Strathclyde,  Scotland,  UK;  lAP,  Russia 

Ml.lO  FREE  ELECTRON  LASER  WITHCROSSED  MAGNETIC  AND 
VORTEX  ELECTRIC  UNDULATED  FIELDS  OF  PUMPING 
V.V.  Kulish,  O.B.  Krutko,  A.G.  Kailuyk 
Sumy  University,  Ukraine 


Monday,  A.M. 


SESSION  M2  -  Quasioptics 


July  21 

M2.1  COLD  TEST  OF  GYROTRON  OUTPUT  WAVE  BEAM  SPLITTER 
AND  COMBINER 

Y.  Mitsunaka,  Y.  Hirata,  K.  Hayashi,  Y.  Itoh,  K.  Sakamoto,  A.  Kasugai,  K. 

Takahasi,  T.  Imai 

Toshiba  Corp.  and  JAERI,  Japan 

M2.2  LOW  POWER  PERFORMANCE  TESTS  ON  HIGHLY  OVERSIZED 
WAVEGUIDE  COMPONENTS  OF  HIGH  POWER  GYROTRONS 
O.  Braz,  A.  Arnold,  H.-R.  Kunkel,  M.  Thumm 
EURATOM-FZK,  Germany 

M2. 3  EXPERIMENTAL  RESULTS  OF  GYROTRON-OUTPUT  MATCH¬ 
ING  WITH  THE  HEll  MODE 

Y.  Hirata,  Y.  Mitsunaka,  M.  Komuro,  K.  Hayashi,  S.  Sasaki,  Y.  Kanai,S.  Kubo, 
T.  Shimozuma,  M.  Satoh,  Y.Takita,  K.  Ohkubo,  T.  Watari 
Toshiba  Corp.,  Japan 

M2.4  DESIGN  OF  A  QUASI-OPTICAL  MODE  CONVERTER  FOR  A 
COAXIAL  165  GHz,  TE31,17  GYROTRON 
G.  Michel,  M.  Thumm,  D.  Wagner 
EURATOM-FZK,  Germany 

M2.5  DESIGN  OF  A  MODE  CONVERTING  TRANSMISSION  LINE  FOR 
A  28  GHz  TE02-MODE  GYROTRON 
J.  Shafii,  R.J.  Vernon,  J.N.  Talmadge,  D.T.  Anderson 
University  of  Wisconsin-Madison,  USA 

M2.6  A  TE22-6  TO  TEMOO  MODE  CONVERTER  WITH  NONPERIODIC 
INNER  DEFORMATIONS 

A.  Mbbius,  O.  Braz, 

EURATOM-FZK,  Germany 

M2.7  COMPACT  AND  EFFICIENT  TRANSMISSION  LINE  FOR  TECH¬ 
NOLOGICAL  GYROTRON 

G.G.  Denisov,  S.V.  Kuzikov, 

D.V.  Vinogradov,  A.V.  Chirkov,  lAP,  Russia 

M2. 8  EXPERIMENTAL  RESULTS  ON  A  COAXIAL  TEM-CIRCULAR 
TE16,2  MODE  TRANSDUCER 

F.  Volgyi,  G.  Reiter,  G.  Veszely,  T.  Berceli,  Budapest  Technical 
University,  Hungary 

M2. 9  ANALYSIS  OF  A  CO-AXIAL  COUPLER  FOR  A  35  GHz  GYRO- 
KLYSTRON 

A.H.  McCurdy,  J.J.  Choi,  W.M.  Manheimer 

Univ.  Southern  California  and  Naval  Research  Laboratory,  USA 
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SESSION  M3  -  Radars  and  Antennas 


Monday,  A.M.  July  21 

M3.1  GYROKLYSTRON  BASED  35  GHz  RADAR  -  {Invited) 

A.  Tolkachev 

Research  Institute  of  Radiophysics,  Russia 

M3.2  MILLIMETER-WAVE  RADARS  TRACKING  APPROACHING  SEA 
SKIMMING  TARGETS  -  {Invited) 

D.  Lohrmann,  NRL, 

USA 

M3.3  TRANSMITTERS  BASED  ON  MAGNETRONS  WITH  COLD 
SECONDARY-EMISSION  CATHODE 

V.D.  Naumenko,  K.  Schiinemann,  V.  Ye.Semenuta,  D.M.  Vavriv,  V.A.  Volkov 
Technische  Universitat  Hamburg-Harburg,  Germany 

M3.4  MILLIMETER  WAVE  PHASE  CONJUGATION  USING  ARTIFICIAL 
NONLINEAR  SURFACES 
Y.  Chang,  H.R.  Fetterman,  I.L.  Newberg 
UCLA  and  Hughes  Aircraft  Co.,  USA 

M3. 5  MULTIPLE-FREQUENCY  FRESNEL  ZONE  PLATE  ANTENNAS 
J.C.  Wiltse 

Georgia  Tech  Research  Institute,  USA 

M3. 6  THz  RADIATION  FROM  LARGE  APERTURE  ANTENNA 
G.  Mouret,  J.  Burie,  D.  Boucher,  D.  Lippens 
Institut  d’Electronique  et  de  Microelectronique  du  Nord 
Universite  du  Littoral,  France 

M3. 7  SIXTEEN-ELEMENT  LINEAR  ARRAY  OF  Ge;Ga  FAR-INFRARED 
PHOTO-CONDUCTOR 

M.  Fujiwara,  N.  Horomoto, 

Communications  Research  Laboratory,  Japan 

M3. 8  ACCURATE  ANALYSIS  OF  FUNDAMENTAL  WAVE  PHENOMENA 
IN  THE  PRINTED  ANTENNAS 

N. Yu.  Bliznyuk,  A. I.  Nosich 
IRE,  Ukraine 

M3. 9  ABOUT  PLASMA  HEATING  BY  HIGH  FREQUENCY  FIELDS 
N.A.  Khizhnyak.E.A.  Yatsenko,  N.M.  Yatsenko 
Kharkov  State  University,  Ukraine 
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SESSION  M4  -  CRMs 


Monday,  P.M.  jujy2i 

M4.1  CARMs  AND  RELATIVISTIC  GYROTRONS  AS  EFFECTIVE 
SOURCES  OF  MILLIMETER  AND  SUBMILLIMETER  WAVES  - 
(Invited) 

V.L.  Bratman, 
lAP,  Russia 


M4.2  THEORY  OF  THE  ANOMALOUS  DOPPLER  CRM-AMPLIFIER 
WITH  TAPERED  PARAMETERS 
G.  Nusinovich,  M.  Korol,  E.  Jerby, 

University  of  Maryland,  USA;  Tel  Aviv  University,  Israel 

M4.3  CONCEPT  OF  A  KA-BAND  FREE  ELECTRON  MASER 
OSCILLATOR  WITH  A  TWO-DIMENSIONAL  BRAGG  CAVITY 
N.S.  Ginzburg,  N.  Yu.  Peskov,  I.V.  Konoplev,  A.S.  Sergeev,  G.R.M.  Robb 
A.D.R.  Phelps,A.W.  Cross 

lAP,  Russia;  University  of  Strathclyde,  Scotland,  UK. 

M4.4  CYCLOTRON-RESONANCE  MASER  ARRAY-CONCEPT,  THEORY 
AND  EXPERIMENTS 
E.  Jerby,  M.  Korol,  Li  Lei 
Tel  Aviv  University,  Israel 

M4.5  RADIATION  BURSTS  FROM  A  SLOW-WAVE  CRM  WITH  A 
FERRO-ELECTRIC  CATHODE 

R.  Drori,  D.  Shur,  E.  Herby,  G.  Rosenman,  R.  Advani,  and  R.  Temkin 
Tel  Aviv  University,  Israel;  MIT,  USA 

M4.6  DEVELOPMENT  OF  AN  EFFICIENT  MILLIMETER- WAVE  HAR¬ 
MONIC  AMPLIFIER 

J.E.  Velazco,  P.  Ceperley 

MicrowaveTechnologies,  Inc.  and  George  Mason  University,  USA 

M4.7  SECOND  AND  THIRD  HARMONIC  OSCILLATIONS  IN  A  OUAD- 
RUPOLE  PERIODIC  TEM-GUIDE  CYCLOTRON-RESONANCE 
MASER 

Y.  Leibovich,  E.  Jerby 
Tel  AvivUniversity,  Israel 


M4.8  THERMIONIC  CATHODE  CYCLOTRON 
MASER  (CARM)  EXPERIMENTS 


AUTO-RESONANCE 


A.R.  Young,  W.  He,  S.J.  Cooke,  A.W.  Cross,  A.D.R.  Phelps 
University  of  Strathclyde,  Scotland,  UK. 


SESSION  M5  -  Waveguides  I 


Monday,  P.M.  July  21 

M5.1  A  QUASI-OPTICAL  RESONANT  RING  FOR  HIGH  POWER 
MILLIMETER- WAVE  TESTING 
T.S.  Bigelow 

Oak  Ridge  National  Laboratory,  USA 

M5.2  CALCULATIONS  AND  EXPERIMENTS  ON  MULTI-BEAM  WAVE¬ 
GUIDES 

L.  Empacher,  G.  Gantenbein,  W.  Kasparek 
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Ballagh 

Litton  Systems,  USA 

W2.2  THEORY  OF  THE  CLINOTRON 

K.  Schiinemann,  D.M.  Vavriv,  K.  Yemelyanov 
Technische  Universitat  Hamburg-Harburg,  Geimany 

W2.3  EXPERIMENTS  OF  SPACE  HARMONIC  PENIOTRON 
K.  Yokoo 

Research  Institute  of  Electrical  Communication,  Tohoku  University,  Japan 

W2.4  THEORY  OF  ELECTRON  BEAM-WAVE  INTERACTION  IN 
WAVEGUIDE  FILLED  WITH  PLASMA  IN  AXIAL  MAGNETIC 
FIELD 
S.  Liu,  et  al. 

University  of  Electronic  Science  and  Technology  of  China,  PRC 

W2.5  EFFECTIVE  MILLIMETRIC  NOISE  SOURCES  WITH  CONTROLL¬ 
ED  CHARACTERISTICS 
V.A.  Rakityansky, 

IRE,  Ukraine 

W2.6  DESIGNING  OF  MM- WAVE  LNA 

I.  Sunduchkov,  K.  Sunduchkov,  B.  Shelkovnikov 
Saturn  and  National  Technical  University,  Ukraine 

W2.7  MILLIMETER  WAVE  COLD-CATHODE  COAXIAL  TWT 
V.D.  Yeremka,  M.O.  Khorunzhiy 
IRE,  Ukraine 

W2.8  RIGOROUS  THEORY  OF  THE  ELECTRON  BEAM-ELECTROMAG¬ 
NETIC  WAVES  INTERACTION  IN  PERIODIC  STRUCUTURES 
I.L.  Verbitskii 

Kharkov  State  Pedagogical  University,  Ukraine 

W2.9  STUDY  OF  ELECTRON-WAVE  INTERACTION  IN  THE  TWO 
OPEN-RESONATOR  ELECTRODYNAMICAL  SYSTEM 
Y.A.  Myasin,  V.V.  Evdokimov,  S.G.  Tchigarev,  M.B.  Tseytlin,  T.A.  Mazur 
A.  Yu.  Ilyin 
IREE,  Russia 

W2.10  PHASE-LOCKING  MICROWAVE  OSCILLATOR  WITH  PROFILED 
DC  MAGNETIC  FIELD 
E.  Odarenko,  A.  Shmat'ko 
Kharkov  State  University,  Ukraine 

W2.ll  MILLIMETER  AND  SUBMILLIMETER  CW  CLINOTRONS 
S.  Churilova,  Ye.  Lysenko 
Institute  of  Radio  Astronomy,  Ukraine 

W2.12  MILLIMETER  WAVE  PENIOMAGNETRON 
V.D.  Yeremka 
IRE,  Ukraine 


W2.13  INFLUENCE  OF  NON-RESONANCE  STANDING  WAVE  FIELD 
COMPONENTS  ON  THE  PERFORMANCE  CHARACTERISTICS  OF 
MMW  AUTORESONANCE  PENIOTRON-OSCILLATOR 
V.D.  Yeremka 
IRE,  Ukraine 


SESSION  W3  -  Lasers 


Wednesday,  A.M. 

W3.1  HYDRAZINE,  THE  FORGOTTEN  FIR  LASING  GAS  -  (Invited) 
E.C.C.  Vasconsellos 

Universidade  Estadual  de  Campinas,  Brazil 

W3.2  FAR-INFRARED  LASER  MAGNETIC  RESONANCE  -  (Invited) 

K.E.  Evenson  and  J.  M.  Brown 
NIST,  USA  and  Oxford  University,  UK 

W3.3  OPTICALLY  PUMPED  FAR  INFRARED  MOLECULAR  LASERS: 
MOLECULAR  AND  EXPERIMENTAL  ASPECTS 

I.  Mukhopadhyay,  S.  Singh 

Centre  for  Advanced  Technology,  India 

W3.4  NEW  OPTICALLY  PUMPED  FIR  LASER  LINES  FROM  CD30H 
E.M.  Telles,  L.R.  Zink,  K.M. 

Evenson,  NIST,  USA 

W3.5  CROSS-SATURATED  GAINS  AND  DISPERSION  OF  OPTICALLY 
PUMPED  FAR-INFRARED  LASER  MEDIA  IN  A  RING  CAVITY 
N.  Sokabe,  M.  Hasegawa,  S.  Yamakawa,  N.  Togawa,  Y.  Horiuchi 
Osaka  City  University  and  Nara  National  Institute  of  Technoloy,  Japan 

W3.6  NEW  FAR-INFRARED  LASER  LINES  FROM  N20  LASER  PUMPED 
HYDRAZINE  AND  FREQUENCY  MEASUREMENTS 
E.C.C.  Vasconcellos,  M.  Tachikawa,  L.R.  Zink,  K.M.  Evenson 
Universidade  Estaduiil  de  Campinas,  Brazil 

W3.7  ACTIVE  MODE  LOCKING  OF  A  p-Ge  HOT  HOLE  LASER 

J. N.  Hovenier,  A.V.  Muravjov,  S.G.  Pavlov,  V.N.  Shastin,  R.C.  Strijbos,  W. 

Th.  Wenckebach 

Delft  University  of  Technology,  Netherlands;  Institute  for  Physics  of 
Microstructures,  Russia 

W3.8  PROBLEMS  IN  REALISING  A  LONG  PULSE,  HIGH  DUTY  CYCLE 
p-Ge  LANDAU  LEVEL  FAR-IR  LASER 
P.D.  Coleman,  D.  Cronin 
University  of  Illinois,  USA 

W3.9  ACCURATE  FREQUENCY  MEASUREMENTS  OF  OPTICALLY 
PUMPED  FIR  LASER  LINES 

E.M.  Telles,  L.R.  Zink,  K.M.  Evenson 
NIST,  USA 

W3.10  TRANSITIONAL  PROCESSES  IN  HCN-LASER  PLASMA 
Yu. Yu.  Kamenev 
IRE,  Ukraine 
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Thursday,  A.M. 


SESSION  Thl  -  Gyrotrons  IV 


July  24 

Thl.l  EXPERIMENTAL  STUDY  OF  A  HIGH  POWER  W-BAND  GYRO- 
KLYSTRON  AMPLIFIER  -  (Invited) 

M.  Blank,  B.G.  Danly,  P.E.  Latham,  B.  Levush 
NRL,  USA 

Thl.2  DEVELOPMENT  OF  A  W-BAND  GYROKLYSTRON  FOR  RADAR 
APPLICATIONS 

B.  Danly,  M.  Blank,  J.  Calame,  S.  Cooke,  B.  Levush,  W.  Manheimer,  A. 
McCurdy,  K.  Nguyen,  D.  Pershing,  J.  Petillo,  R.  Parker,  T.  Hargreaves,  A. 
Theiss,  R.  True,  K.  Felch,  T.S.  Chu,  H.  Jory,  P.  Borchard,  W.  Lawson, 

T.  Antonsen  —  NRL,  Litton,  CPI  and  University  of  Matyland,  USA 

Thl.3  EXPERIMENTS  ON  HIGH  POWER  35  GHz  GYROKLYSTRON 
AMPLIFIERS 

JJ.  Choi,  A.H.  McCurdy,  R.H.  Kyser,  F.  Wood,  B.G.  Danly,  B.  Levush,  R.K. 

Parker 

NRL,  USA 

Thl.4  INPUT  COUPLER  DESIGN  FOR  THE  NRL/INDUSTRIAL  94  GHz 
GYROKLYSTRON  AMPLIFIER 

D.  Pershing,  K.  Nguyen,  J.  Petillo,  M.  Blank,  J.  Calame,  T.  Hargreaves,  B. 

Danly 

NRL  and  Litton,  USA 

Thl.5  PHASE  AND  AMPLITUDE  NOISE  STUDY  OF  THE  NRL  GYRO¬ 
KLYSTRON  AMPLIFIER 

G.S.  Nusinovich,  M.  Garven,  O.  Dumbrajs,  B.G.  Danly 

University  of  Matyland  and  NRL,  USA;  Helsinki  University  of  Techonology, 

Finland 


Thl.6  PHASE  STABILITY  AND  NOISE  MEASUREMENTS  OF  GYRO¬ 
KLYSTRON  AMPLIFIERS 

M.  Garven,  B.G.  Danly,  M.  Blank,  M.J.  Siegert 
NRL  and  University  of  Matyland,  USA 


Thl.7  OPERATION  OF  TWO-  AND  THREE-CAVITY  FIRST  HARMONIC 
COAXIAL  X-BAND  GYROKLYSTRONS 

W.  Lawson,  J.P.  Calame,  M.  Castle,  J.  Cheng,  V.L.  Granatstein,  B.  Hogan,  M 
Reiser  and  G.P.  Saraph 
University  of  Matyland,  USA 


Thl. 8  SCALING  LAW  FOR  BALLISTIC  BUNCHING  IN  MULTICAVITY 
HARMONIC  GYROKLYSTRONS 
G.S.  Nusinovich,  G.P.  Saraph,  V.L.  Granatstein 
University  of  Matyland,  USA 


Thl.9  HFSS  SIMULATIONS  OF  AN 
KLYSTRON 

G.P.Saraph,  J.P.  Anderson,  W.  Lawson 
University  of  Maryland,  USA 


ADVANCED  CONCEPT  GYRO- 


Thl.lO  THEORY  OF  MULTI-BEAM  STAGGER  TUNED  GYROKLYS¬ 
TRONS 

G.S.  Nusinovich,  B.  Levush,  B.  Danly 
University  of  Maryland  and  NRL,  USA 


Thl.l  1  FREQUENCY  TUNABILITY  AND  PHASE  STABILITY  OF  RELA¬ 
TIVISTIC  GYROKLYSTRON  AMPLIFIERS 

G.P.  Saraph  —  University  of  Matyland,^USA 


SESSION  Th2  -  Solid  State  Sources 


Thursday,  A.M.  July  24 

Th2.1  A  HORN  ANTENNA  COUPLED  QUASI-OPTICAL  OSCILLATOR 
WITH  GUNN  DIODES  AT  MILLIMETER  WAVELENGTHS 
J.  Bae,  T.  Uno,  H.  Mazaki,  T.  Fujii,  F.  Takei,  K.  Mizuno 
Tohoku  University  and  RIKEN,  Japan 

Th2.2  DESIGN  OF  NEW  MILLIMETER  WAVE  SOURCES  USING  ELEC¬ 
TRICALLY  THICK  MONOLITHIC  SUBSTRATE  MODE  RESONANT 
COMBINERS 
D.W.  Griffin,  A.A.  Sayyah 
University  of  Adelaide,  Australia 

Th2.3  MODELING  OF  InGaN-GaN  MODULATION-DOPED  FIELD- 
EFFECT  TRANSISTORS  FOR  60  GHz  OPERATION 
S.K.  Islam,  F.C.  Jain 

University  of  North  Florida  and  University  of  Connecticut,  USA 

Th2.4  A  HIGH-POWER,  MILLIMETER-WAVE  BALANCED  DOUBLER 
D.  Porterfield,  T.  Crowe,  R.  Bradley,  N.  Erickson 

University  of  Virginia;  National  Radio-Astronomy  Observatory;  and  Five  College 
Radio-Astronomy  Observatory,  USA 

Th2.5  A  FREQUENCY  DOUBLER  FOR  200  GHz  WITH  A  PLANAR 
SCHOTTKY  VARACTOR 
J.T.  Louhi,  A.V.  Raisanen,  Helsinki 
University  of  Technology,  Finland 

Th2.6  A  300  GHz  INTEGRATED  QUASIOPTICAL  SCHOTTKY  FRE¬ 
QUENCY  MULTIPLIER 

M.  Shaalan  —  Technical  University  of  Darmstadt,  Germany 

Th2.7  NOVEL  FABRICATION  PROCESS  FOR  HIGHLY  RELIABLE 
REFRACTORY  metal/n-GaAs  SCHOTTKY  DIODES 
B.K.  Sarpong,  T.W.  Crowe,  W.L.  Bishop,  PJ.  Koh 
University  of  Virginia,  USA 

Th2.8  GENERATION  OF  SUBMILLIMETER-WAVE  PULSES  OF  VAR¬ 
IABLE  DURATION  USING  OPTICALLY  EXCITED  SILICON 
PLATES 

H.  Minamide,  T.  Nozokido,  K.  Mizuno 
Tohoku  Univeristy  and  RIKEN,  Japan 

Th2.9  GaAs  SCHOTTKY  DIODES  FOR  THz  APPLICATIONS 

P.  Gleeson,  J.  Pike,  P.  Maaskant,  W.M.  Kelly,  A.  Simon,  G.I.  Lin,  H.L. 

Hartnagel 

National  Microelectronics  Research  Center,  Ireland;  Institut  fur 
Hochfrequenztechnik,  Germany 

Th2.10  AUTO-MODULATION  AND  AUTO-THERMOSTABILIZATION  OF 
OUTPUT  POWER  LEVEL  IN  MILLIMETER  WAVE  IMPATT-DIODE 
Y.A.  Pirogov,  V.V.  Gladun 
Moscow  State  University,  Russia 

Th2.11  MILLIMETER  WAVE  EVANESCENT  MODE  GUNN  OSCILLATOR 
IN  SUSPENDED  STRIPLINE  CONFIGURATION 
A.K.  Poddar,  S.K.  Koul,  B.  Bhat 
Indian  Insitute  of  Technology,  India 

Th2.12  ACTIVE  CONFORMABLE  MICROSTRIP  ANTENNA  ARRAY 
J.X.  Ge,  Y.X.  Li  xxvi 

Beijing  University  of  Aeronautics  and  Astronautics,  PRC 


SESSION  Th3  -  Spectroscopy 


Thursday,  A.M. 


July  24 


Th3.1  INFRARED  MEGAGAUSS-SPECTROSCOPY:  A  CHALLENGE  IN 
SOLID  STATE  PHYICS  -  {Invited) 

N.  Puhlmann 

Humboldt-University,  Germany 

Th3.2  DETERMINATION  OF  THE  ANISOTROPY  OF  THE  EFFECTIVE 
MASSES  OF  ELECTRONS  AND  HOLES  IN  DOPED  GaN  EPI- 
LAYERS  BY  FAR  INFRARED  SPECTROSCOPY  -  {Invited) 

G.  Mirjalili,  R.A.  Levett,  TJ.  Parker,  T.S.  Cheng,  C.T.  Foxon 

University  of  Essex  and  University  of  Nottingham,  UK;  University  of  Yazd,  Iran 

Th3.3  A  COMPACT  COHERENT  THz  SOURCE  BY  PHOTOMIXING 
OF  DIODE-LASERS  IN  A  PHOTOCONDUCTIVE  ANTENNA  FOR 
HIGH-RESOLUTION  SPECTROSCOPY  ruK 

S.  Matsuura,  M.  Tani,  H.  Abe,  K.  Sakai,  S.  Saito,  H.  Ozeki 

Kansai  Advanced  Research  Center  and  Institute  for  Molecular  Science,  Japan 

Th3.4  TUNABLE  FAR-INFRARED  SPECTRO  SCOPY  IN  THE  6  TO  8  THz 

H.  Odashima,  M.  Tachikawa,  L.R.  Zink,  K.M.  Evenson 
Toyama  University,  Japan;  NIST,  Boulder,  CO,  USA 
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SESSION  Th4  -  Gyro-amplifiers 


Thursday,  P.M.  ^4 

Th4.1  GYRO-TRAVELING-WAVE-TUBES  -  (Invited) 

K.R.  Chu 

National  Tsing  Hua  University,  Taiwan 

Th4.2  STUDY  OF  X-BAND  THREE-STAGE  GYROTWYSTRON  AMPLI¬ 
FIER 

E.V.  Zasypkin,  B.  Levush,  M.  Blank,  E.V.  Sokolov,  I.I.  Antakov 
lAP,  Russia;  NRL,  USA 

Th4.3  LINEAR  THEORY  OF  THE  GYRO-TWYSTRON  WITH  STAGGER- 
TUNED  PREBUNCHING  CAVITIES 

G. S.  Nusinovich,  V.K.  Tripathi,  W.  Chen 
University  of  Maryland,  USA 

Th4.4  A  HIGH  PERFORMANCE,  FREQUENCY  DOUBLING,  INVERTED 
GYROTWYSTRON 

H.  Guo,  S.H.  Chen,  V.L.  Granatstein,  J.  Rodgers,  G.  Nusinovich,  M.  Walter, 
W.J.  Chen 

University  of  Maryland,  USA 

Th4.5  THEORY  OF  THE  INVERTED  GYRO-TWYSTRON 

G.  Nusinovich,  M.  Walter,  V.L.  Granatstein 
University  of  hlaryland,  USA 

Th4.6  GYRO-TWT  WITH  A  HELICAL  OPERATING  WAVEGUIDE:  NEW 
POSSIBILITIES  TO  ENHANCE  EFFICIENCY  AND  FREQUENCY 
BANDWIDTH 

G.G.  Denisov,  V.L.  Bratman,  A.D.R.  Phelps,  S.V.  Samsonov 
lAP,  Russia;  University  of  Strathclyde,  Scotland,  UK 

Th4.7  DESIGN  OF  AN  EFFICIENT  BROADBAND  250  kW  Ka-BAND  GHz 
AMPLIFIER 

W.  Lawson,  M.R.  Arjona,  G.P.  Saraph 
University  of  Maryland,  USA 

Th4.8  STUDY  OF  TRANSIENT  EFFECTS  IN  INJECTION  LOCKED 
GYROTRONS 
J.  Jelonnek,  K.  Schunemann 

Technical  University  of  Hamburg-Harburg,  Germany 

Th4.9  THE  CYCLOTRON  RESONANCE  MASER  INTERACTION  IN  A 
LONG  NONUNIFORM  SYSTEM:  APPLICATION  TO  THE  GYRO- 
TRON  BEAM  TUNNEL 
J.L.  Vomvoridis,  I.G.  Tigelis 

National  Technical  University  of  Athens,  and  University  of  Athens,  Greece 

Th4.10  DENSITY  AND  ENERGY  MODULATION  OF  A  GYROTRON 
ELECTRON  BEAM  IN  A  PERIODICALLY  CORRUGATED  BEAM 
TUNNEL 

A.  Lazaros,  J.L.  Vomvoridis 

National  Technical  University  of  Athens,  Greece 

Th4.11  HIGH-FREQUENCY  NON-CYLINDRICAL  MODES  IN  A  DIELEC¬ 
TRICALLY  LOADED  CORRUGATED  GYROTRON  BEAM  TUNNEL 
S.  Tzima,  I.G.  Tigelis,  J.L.  Vomvoridis 

University  of  Athens  and  National  Technical  University  of  Athens,  Greece 


xxviii 


SESSION  Th5  -  Applications 


Thursday,  P.M.  July  24 

ThS.l  THE  MICROWAVE  SINTERING  OF  CERAMICS:  NEW  INSIGHTS, 
MODELS,  AND  APPLICATIONS  BASED  ON  REALISTIC  CER¬ 
AMIC  MICRO  STRUCTURES  -  (Invited) 

J.P.  Calame,  Y.  Carmel,  D.  Gershon,  E.  Pert 
University  of  Maryland,  USA 

Th5.2  MILLIMETER-WAVE  SINTERING  OF  CERAMIC  COMPACTS 
A.W.  Fliflet,  R.W.  Bruce,  R.P.  Fischer,  A.K.  Kinkead,  D.  Lewis,  HI,  B.A. 
Bender,  G.-M.  Chow,  R.J.  Rayne,  L.K.  Kurihara,  P.E.  Schoen 
NRL,  USA 

Th5.3  INITIAL  TESTING  OF  A  CW  QUASI-OPTICAL  GYROTRON  FOR 
MATERIALS  PROCESSING 

R. P  Fischer,  A.W.  Fliflet 
NRL,  USA 

Th5.4  SCANNING  NEAR-FIELD  MILLIMETER- WAVE  MICROSCOPY 
USING  A  METAL  SLIT  AS  A  SCANNING  PROBE 
T.  Nozokido,  J.  Bae,  T.  Fujii,  M.  Ito,  K.  Mizuno 
RIKEN  and  Tohoku  University,  Japan 

Th5.5TOMOGRAPHY  SYSTEM  AT  MILLIMETER  WAVEBAND 
A.  Vertiy,  S.  Gavrilov,  D.S.  Arma_an,  S.R.  Samedov 
Marmara  Research  Center,  Turkey;  IRE,  Ukraine 

Th5.6  APPLICATION  OF  F-BAND  GYROTRON  FOR  SUPERCONDUC¬ 
TING  MAGNETIC  FUSION 

S.  Ahn,  R.  Temkin 
NRL  and  MIT,  USA 

Th5.7  THE  INFLUENCE  OF  IONIZATION  ANDSTRICTION  NONLIN¬ 
EARITIES  ON  THE  SURFACE  WAVES  SELF-INTERACTION  IN 
MICROWAVE  GAS  DISCHARGE  PLASMAS 
K.N.  Ostrikov 

Kharkov  State  University  and  Kharkov  Fire  Safety  Institute,  Ukraine 
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SESSION  Th6  -  Solid  State  Devices  III 


Thursday,  P.M.  July  24 

Th6.1  DIRECT  TRANSFORMATION  OF  THE  VIDEOPULSE  INTO 
RADIOPULSE  ON  TRANSMISSION  LINES  ON  THE  BASIS  OF 
MULTILAYER  HETEROSTRUCTURES 
A.M.  Belyantsev,  A.B.  Kozyrev 
Institute  for  Physics  of  Microstructures,  Russia 

Th6.2  HIGH-FREQUENCY  PROPERTIES  OF  THE  DOUBLE  LAYER 
ELECTRON  SYSTEM 
I.E.  Aronov,  Yu.  O.  Averkov,  N.N.  Beletskii 
IRE,  Ukraine 

Th6.3  COLLECTIVE  MODES  OF  SEMI-CONDUCTOR  SUPERLATTICE 
IN  A  HIGH  MAGNETIC  FIELD 
I.E.  Aronov,  N.N.  Beletskii,  J.V.  Bludov 
IRE,  Ukraine 

Th6.4  CHARACTERIZATION  OF  THE  FREQUENCY  MEASUREMENT 
TECHNIQUE  FOR  MICROWAVE  SIGNALS  BASED  ON  HISTO¬ 
GRAM  ANALYSIS  OF  THE  CURRENT- VOLTAGE  CURVE  OF  THE 
JOSEPHSON  JUNCTION 
N.V.  Kovalenko 
FONON,  Ukraine 

Th6.5  SURFACE  MAGNETOPLASMA  WAVES  IN  A  SEMICONDUCTOR- 
SEMICONDUCTOR  STRUCTURE  WITH  A  NON-UNIFORM  TRAN¬ 
SIENT  LAYER 

N.A.  Azarenkov,  A.V.  Gapon,  K.N.  Ostrikov 

Kharkov  State  University  and  Kharkov  Fire  Safety  Institute,  Ukraine 

Th6.6  THE  USE  OF  AUTOCORRELATION  FUNCTION  OF  THE  JOSEPH¬ 
SON  JUNCTION  RESPONSE  SIGNAL  FOR  MICROWAVE  SIGNAL 
SPECTROMETRY 
V.V.  Kamychine 
FONON,  Ukraine 


XXX 


SESSION  FI  -  Relativistic  Sources 


Friday,  A.M. 


July  25 


Fl.l  GENERATION  OF  ULTRASHORT  MILLIMETER-WAVE  PULSES 
BASED  ON  SUPERRADIANCE  -  (Invited) 

N.S.  Ginzburg,  A.D.R.  Phelps,  M.I.  Yalandin, 

lAP,  Russia;  Univ.  of  Strathclyde,  Scotland,  UK;  Inst,  of  Electrophysics,  Russia 

FI. 2  DEVELOPMENT  OF  A  50  MW  MAGNICON  AMPLIFIER  AT  11.4 
GHz 

S.H.  Gold,  A.W.  Fliflet,  A.K.  Kinkead,  B.  Hafizi,  O.A.  Nezhevenko  V  P 

Yakovlev,  J.L.  Hirshfield,  R.  True 

NRL,  Icarus  Research,  Omega-P  and  Litton,  USA 

FI. 3  OSCILLATION  OF  TEll  MODE  FROM  A  HIGH  POWER 
BACKWARD  WAVE  OSCILLATOR  ruwjiK 

K.  Minami,  K.  Tanaka,  X.D.  Zheng,  Y.  Carmel,  T.M.  Antonsen,  Jr.,  A.N 
Vlasov,  V.L.  Granatstein 

Niigata  University,  Japan;  University  of  Maryland,  USA 

FI. 4  COHERENT  TRANSITION  RADIATION  PRODUCED  BY  A  1  2  MeV 
ELECTRON  BEAM 

C.R.  Jones,  J.M.  Dutta,  H.  Kosai,  S.V.  Benson 
North  Carolina  Central  University  and  TJNAF,  USA 

FI. 5  THE  ANGULAR  DISTRIBUTION  OF  POWER  PRODUCED  BY 
SMITH-PURCELL  RADIATION  by 

J.H.  Brownell,  G.  Doucas,  M.F.  Kimmitt,  J.H.  Mulvey,  M.  Omori,  J.E.  Walsh 
Dartmouth  College,  USA;  University  of  Oxford  and  University  of  Essex,  England 

MICROWAVE  EMISSION  OF  LARGE  AND  SMALL 
ORBIT  RECTANGULAR  CROSS  SECTION  GYROTRONS 

J.M.  Hochman,  R.M.  Gilgenbach,  R.L.  Jaynes,  J.I.  Rintamaki,  Y.Y.  Lau  T  A 
Spencer 

University  of  Michigan,  USA 

THEORY  OF  OSCILLATIONS  AND  WAVES  AND 

PROBLEMS  OF  RELATIVISTIC 
ELECTRONICS  1 1  v  la  i  n,, 

V.  V.  Kulish,  O.B.  Krutko 
Sumy  University,  Ukraine 

FI. 8  APPLICATION  OF  THE  THEORY  OF  HIERARCHIC  OSCILL¬ 
ATIONS  AND  WAVES  FOR  INVESTIGATION  OF  NON-LINEAR 
PROCESSES  IN  THE  GYRO-RESONANCE  SYSTEMS  ^*^*^A*^ 
V.V.  Kulish,  O.B.  Krutko,  A.G.  Kailuyk 
Sumy  University,  Ukraine 

RELATIVISTIC  ELECTRON  BEAM  COOLING  IN  THE 
ACCELERATING  SYSTEM  WITH  CROSSED  MAGNETIC  AND 
VORTEX  ELECTRIC  UNDULATED  FIELD 
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Material  Processing  with  Microwave  Radiation 

R.  Roy,  P.  D.  Gigl,  and  D.  Agrawal 
M^rials  Research  Laboratory 
TTie  Pennsylvania  State  University 
University  Park,  Pennsylvania  16802 


Innovative  processing  of  materials  continues  to  be  the  key  to 
new  developments  in  this  field  since  one  of  the  fundamental 
ways  to  approach  new,  better,  faster,  or  greener  material  is 
through  new  processing  methods.  What  else  is  man»rigic 
processing  other  than  the  djmamic  control  of  energy  within  a 
system?  One  such  method,  which  injects  energy  directly  into 
the  materials  that  are  being  reacted  anchor  sintered,  is  the 
application  of  microwave  radiation  as  an  energy  source.  This 
is  the  topic  of  this  presentation. 

Of  course,  this  energy  is  not  new.  But,  like  any  “newly” 
discovered  innovation,  it  is  more  the  result  of  coming  of  age 
rather  than  being  new.  Microwave  processing  has  been  artapfp^ 
to  materials  processing  since  the  end  of  the  second  world  war. 
However,  the  last  decade  has  seen  it  become  a  new  force  in 
materials  processing  since  the  equipment  became  readily 
available  because  of  the  development  of  the  home  microwave 
oven.  This  introduced  cheap  and  accessible  equipment  to  the 
experimentalisL  The  communication  industry  has  also  been 
beneficial  as  well  as  detrimental  to  this  development  Helpful 
in  the  sense  that  useful  equipment  and  knowledge  was  made 
available  but  detrimental  because  of  the  limitation  of 
governmental  regulations  as  to  wavelength  and  bandwidth 
allowed  for  industrial  usage  and  therefore  equipment 
availability. 

The  microwave  processing  of  materials  other  than  food  is 
relatively  new,  especially  for  high  temperature  processing.  The 
uniqueness  of  microwave  energy  is  that  it  is  absorbed  directly 
by  the  specific  absorbing  sites  within  the  material  in  the 
process.  For  example,  drying  of  materials  is  accanplished  by 
inputting  the  energy  directly  to  the  water  molecule  and 
forming  the  vapor  without  having  to  heat  the  rest  of  the 
material.  This  is  a  very  efficient  method  of  energy  transfer. 

Ibe  result  is  that  energy  is  instantaneously  supplied  to  the 
point  of  use.  However,  in  many  other  cases,  the  desired  or 
unexpected  reaction  is  also  initiated  quickly  and  efficiently 
which  forces  new  reaction  pathways  to  be  taken  or  finer 
microstructures  to  be  formed  and  improved  materials,  which 
were  impossible  by  conventional  methods,  are  synthesized. 

This  direct  input  of  energy  requires  some  unusual  experimental 
parameters  to  be  formulated  and  applied,  not  only  with  respect 
to  processing  conditions  but  also  with  respect  to  the  process 
materials  and  experimental  design.  Precautions  must  now  be 
taken  so  as  not  to  conduct  or  radiate  the  internally  generated 
heat  to  the  environment  before  the  useful  reactions  occur. 

Also,  container  or  insulating  materials  have  the  added 
requirement  of  being  reflective  or  absoiptive  as  appropriate. 


Over  the  last  decade,  Penn  State  has  studied  the  microwave 
processing  of  a  wide  variety  of  ceramic  materials.  As  with  so 
many  other  process  discoveries,  serendipity,  good  observation, 
and  action  started  the  ball  rolling  with  respect  to  new 
developments.  In  this  case,  the  catastrophic  conclusion  of  a 
simple  microwave  drying  step  of  an  AlOOH  gel  triggered  the 
question  as  to  what  was  really  happening  to  this  '‘microwave 
transparent”  material.  At  about  the  same  time,  the  observation 
that  Coming  “Centura”-wate  shattered  violently  and  became 
red  hot  in  a  matter  of  minutes  when  heating  food  in  a  home 
microwave  oven  resulted  in  the  same  question.  The  follow  up 
analysis  of  both  observations  indicated  that  the  material  was 
actually  an  effective  abswber. 

In  the  latter  case,  the  synthetic  nq)heline  phase  in  the  Coming 
-ware  coupled  with  the  microwave  energy.  In  the  former  case, 
the  aluminum  oxyhydroxide  phase  developed  a  hot  spot  during 
the  drying  operation  and  thermal  runaway  occurred  as  the 
material  reacted  and  changed  into  other  inwganic  phases.  The 
beaker  melted  as  well  as  the  bottom  of  the  oven.  The  surprise 
was  the  attainment  of  high  temperatures  in  “white  ceramics,” 
nominally  microwave  transparent  materials.  However,  this 
was  not  dropped  as  just  another  experimental  observation  and 
avoided  in  the  future  but  was  embraced  as  an  oppcatunity  and 
used  as  a  basis  of  research  into  the  effects  of  microwave 
processing  in  this  new  field. 

The  actual  materials  studied  are  listed  in  Table  1.  These 
include  alumina  and  silica  materials,  complex  ceramic  phases 
which  were  shown  to  sinter  into  visibly  transparent  bodies, 
zeolite  synthesis,  low  pressure  plasma  synthesis  of  diamond, 
hydrothermal  microwave  induced  synthesis  of  oxides  and 
silicates  even  metal  powders  were  synthesized. 

Other  topics  in  ceramic  processing  that  have  been  investigated 
are  the  manipulation  to  the  staring  materials  to  improve  the 
sintering  of  oxides.  In  this  case,  Ti02  was  pre-reduced  to  form 
a  defective  material  that  is  a  very  good  absorber  of 
microwaves.  This  was  then  reacted  at  low  temperatures  (300*- 
700*C)  in  a  matter  of  minutes  to  form  BaTiOs,  “PZT,”  and 
“BMT.”  These  normally  require  temperatures  in  the  area  of 
900  -1400’C  to  react  Lower  process  temperatures  are  an 
ongoing  goal  in  the  synthesis  of  materials  for  all  of  the 
obvious  reasons  and  is  no  exception  with  microwave 
processing  of  materials.  But  other  benefits  are  also  available. 

For  example,  the  problem  of  PbO  vaporization  in  the 
formation  of  PZT  is  reduced  by  the  lower  temperatures  and, 
since  the  reaction  is  so  efficient,  nearly  all  the  Pb  is  taken  into 
the  PZT  and  excessive  Pb  material  is  not  needed. 
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The  next  stq)  for  materials  synthesis  was  the  sintering  of 
electrically  conductive  materials  such  as  cemented  tungsten 
carbide,  again  a  material  that  should  not  be  able  to  be  heated 
with  microwave  ertergy.  Metals  and  conductive  phases  are 
reflective  to  microwave  energy.  Howevw,  when  in  the  powder 
form,  surface  resistive  heating  occurs  and  other  mecha^sms 
may  play  a  part  in  this  process.  The  bottom  line  is  that  it  does 
happen  and  is  very  effective  in  obtaining  materials  with 
improved  pit^rties. 

These  are  some  of  the  results  of  only  one  research  facility  in 
this  new  area  of  materials  synthesis  and  only  the  surface  of 
this  field  has  been  uncovered.  Much  more  wiU  occur  in  the 
years  to  come.  This  is  not  to  say  that  now  this  will  be  an  easy 


experimental  or  commercial  endeavor.  As  the  above  examples 
have  shown,  the  material  in  question  has  to  be  considered  an 
integral  active  part  of  the  whole  system  and  not  just  a  passive 
player  that  is  bathed  in  radiant  ot  thermal  conductive  energy. 
Technique  is  very  important  and  an  understanding  of  the 
interaction  of  microwave  wiergy  with  all  parts  of  the  system  is 
needed  before  useful  results  will  be  obtained. 

This  understanding  is  being  obtained  and  repeated  on  much 
more  frequently  today.  Even  meetings  on  the  uses  of 
microwave  energy  such  as  this  one  and  a  recent  international 
congress.  First  World  Congress  on  Microwave  Processing,  are 
becoming  more  frequent  and  dedicated  to  this  tq}ic.  The  future 
looks  very  promising  for  this  materials  processing  field. 


Table  1.  Materials  Studied  in  Microwave  Processing  Area  at  Penn  State’s  MRL. 


1984-85 

Microwave  sintering  of  alumina  and  silica  and  melting  of  silica  gel  and  platinum  capsule  which 
contained  alumina  gel. 

1986-96 

Diamond  synthesis  in  plasma 

(a)  eVD  pocess;  in  plasma;  100  papers 

(b)  LPSSS  process  with  and  without  plasma:  12  papers 

1986-96 

Ceramic  powder  making  (muilite,  AI2O3,  etc.)  including  cement 

Porous  ceramics,  especially  apatite 

Dense  ceramics 

Transparent  ceramics,  especially  apatite,  muilite 

Highly  absorbing  materials,  zeolites,  and  clays 

1991-97 

Microwave  hydrothermal  synthesis  of  metals,  ferrites,  electroceramics,  BaTi03,  PZT,  silica  gels 

1993-97 

Microwave  synthesis  of  commercial  ceramics 

1995 

Alumina  abrasive  Rtain  sintering 

1995 

Sintering  tungsten  carbide  tools 

1995 

Diamond-metal-carbide  composites 
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Abstract 

A  free  electron  maser  is  being  built  as  a  mm-wave  source  fir 
applications  on  future  fusion  research  devices  such  as  ITER. 
A  unique  feature  of  the  Dutch  Fusion  FEM  is  the  possibility 
to  tune  the  frequency  over  the  entire  range  fern  130  to  260 
GHz  at  an  output  power  exceeding  1  MW. 

In  the  first  phase  of  the  project,  a  so-called  inverse  set-up  is 
used.  The  electron  gun  is  mounted  inside  the  high-voltage 
terminal.  The  entire  beam  line,  including  the  accelerating 
structure  up  to  2  MV  level  and  the  transport  through  the 
undulator  was  tested  successfully  with  extremely  low  loss 
current,  lower  than  0.05  %. 

A.  Introduction  to  the  FEM  project 

The  FEM  uses  a  12  A  thermionic  electron  gun  and  a  2  MeV 
electrostatic  accelerator.  The  undulator  and  mm-wave  system 
are  located  inside  a  terminal  at  2  MV  level.  The  terminal  is 
placed  inside  a  steel  vessel  of  1 1  m  length  and  a  diameter  cf 
2.6  m,  filled  with  SFe  at  7  bar.  After  interaction  with  the 
mm-waves  in  the  undulator,  the  energy  of  the  electron  beam 
is  recovered  by  means  of  a  decelerator  and  a  multi-stage 
depressed  collector.  This  enables  to  achieve  a  system 
efficiency  of  50  %  [1]. 

For  long-pulse  generation  a  low  loss-current  is  essential. 
Therefore,  the  electron  beam  line  is  entirely  straight  from  gun 
to  collector.  This  is  done  to  minimise  the  current  loss  to  a 
value  lower  than  20  mA  [2].  The  mm  waves  are  directed 
sideways  from  the  electron  beam.  This  is  achieved  by  means 
of  a  stepped  waveguide,  a  symmetrical  step  in  the  transverse 
dimension  of  a  low-loss  HEjj  waveguide,  just  behind  the 
undulator.  Furthermore,  an  adjustable  reflector  enables 
adjustment  of  the  feedback  power  [3,4]. 

B.  Inverse  set-up 

The  first  experiments  are  done  in  the  inverse  set-up  [1],  see 
figure  1.  Here,  the  electron  gun  is  mounted  inside  the  high- 
voltage  terminal.  The  undulator  and  waveguide  systems  are 
outside  the  pressure  vessel  at  earth  potential  for  easy  adjust¬ 
ments  and  fine  tuning  of  the  entire  system.  Asa  consequence, 
the  decelerator  and  depressed  collector  cannot  be  used  yet, 
which  means  that  the  FEM  pulse  duration  is  limited  to  20 
ps.  In  October  1996,  an  important  milestone  was  reached  in 
the  Fusion-FEM  project.  An  electron  beam  of  3  A  was 
accelerated  up  to  1.70  MeV  and  transported  through  the 


undulator  with  current  loss  of  less  than  2  mA.  The  energy 
range  achieved,  allows  generation  of  mm-waves  at  fiequaicies 
ranging  from  130  -  190  GHz. 

First  experiments  on  transport  through  the  undulator  w^e 
performed  at  1.55  MeV,  with  a  3  A  electron  beam  and  a  pulse 
length  of  20  ps.  The  crucial  test  concerned  the  loss  currents 
in  the  waveguide  structure,  see  figure  1.  This  structure 
consists  of  a  set  of  two  separate  mirrors  at  the  beginning  of  a 
50x20  mm^  waveguide  (together  forming  the  reflector  of  the 
eventual  mm-wave  cavity)  and  the  undulator  waveguide.  The 
latter  has  a  cross  section  of  15x20  mm^. 

In  figure  2,  the  loss  current  on  the  undulator  waveguide  is 
shown.  The  total  loss  on  the  mirrors  of  the  reflector,  the 
reflector  waveguide  and  the  undulator  waveguide  is  less  than 
1  mA.  In  the  present  experiments  the  beam  current  was 
limited  to  3  A,  instead  of  the  nominal  current  of  12  A.  Due 
to  vacuum  problems,  the  electron  gun  was  operated  in  a 
rather  poor  vacuum,  halfway  the  10'^  mbar  range.  Conse¬ 
quently,  the  cathode  was  poisoned,  i.e.,  the  work  function  cf 
the  cathode  material  had  increased.  A  beam  current  of  3  A 
was  extracted,  at  a  reduced  anode  voltage,  giving  the  same 
perveance  and  therefore  a  self-similar  beam  to  the  nominal  12 
A  beam.  The  peaks  at  the  beginning  and  end  of  the  beam,  as 
seen  in  figure  2,  appear  when  the  gate  electrode  of  the  gun  is 
being  switched  from  -12  kV  (beam  off)  to  4.4  kV  (beam  on). 
Now,  the  beam  has  a  higher  emittance,  which  results  in  some 
beam  loss. 


GUN  ACCaERATOR  REFLECTOR  UNOUUTOfl  SPUTTEaCOUaNEF  DUMP 


Fig.  I  Lay-out  of  the  Fusion-FEM  in  the  so-called 
inverse  set-up.  The  electron  gun  is  mounted  in  the  high- 
voltage  terminal,  which  is  now  at  -2  MV.  The  undulator, 
mm-wave  system  and  most  of  the  electron  beam  line  are 
outside  the  tank  at  earth  potential  for  easy  accessibility. 
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Fig,  2  Loss  current  on  the  undulator  waveguide,  for  a 
beam  current  of  3  A  and  a  beam  ener^  of  L53  MeV,  Note 
that  the  loss  current  is  much  lower  than  the  allowable  0.2 
%  beam  loss. 

The  hei^t  of  these  peaks  is  veiy  sensitive  to  beam  align¬ 
ment.  The  peaks  are  a  superposition  of  the  loss  current 
(negative)  and  the  capacitive  currents  (negative  or  positive). 
The  loss  current,  measured  on  the  various  waveguides  and 
apertures  appeared  to  be  an  important  diagnostic  tool  to 
properly  align  the  electron  beam. 

Electron-beam  trajectories  have  been  simulated  using  the 
multi-particle  tracking  code  GPT  [5].  For  comparison,  beam 
envelopes  have  been  calculated  with  a  code  based  on  the 
Herrmann  optical  theory  [2].  This  code  calculates  the  beam 
envelope  which  contains  99.9%  of  the  beam  current.  Both 
beam-simulation  codes  showed  good  agreement  with  the 
experimental  results. 

Figure  3  shows  that  there  is  only  little  difference  between  the 
envelopes  for  3  A  and  12  A  beams.  This  is  a  result  of  the  feet 
that  the  beam  envelope  is  largely  determined  by  the  beam 
emittance  and  the  betatron  oscillations  in  the  undulator  rather 
than  by  the  space  charge  fields. 


Fig.  3  Beam  envelope  as  simulated  with  the  Herrmann 
optical  theory,  for  a  3  A  and  a  12  A  electron  beam  as 
indicated.  The  thick  lines  are  the  beam-pipe  dimensions  and 
apertures,  respectively. 


Fig.  4  The  frequency  characteristic  (in  dB)  of  the 
entirely  installed  cavity  A  low-power  signal  was  coupled 
into  the  mm-wave  output,  and  the  reflected  power  was 
measured  The  total  loss  at  the  peak  (2O0  GHz)  was  0.9  dB. 
This  value  agrees  with  the  sum  of  the  losses  of  the  individu¬ 
ally  measured  components. 

Based  on  these  simulations,  and  on  the  good  agreement 
between  the  simulations  and  the  experimental  results,  it  is 
expected  that  a  12  A  beam  can  be  transported  with  losses 
well  below  20  mA,  as  required. 

C.  Millimeter-wave  System 

After  installation  of  all  the  mm-wave  parts  of  the  FEM  a  total 
cavity  test  has  been  done  to  check  the  tuning  of  all  parts  after 
mounting,  see  figure  4. 

D.  Conclusions 

The  target  for  the  loss  current  was  20  mA  at  12  A  beam 
current,  i.e.,  99.8  %  transmission.  Now  a  beam  transmission 
of  better  than  99.9  %  at  3  A  beam  current  is  achieved.  The 
simulation  codes,  which  include  space-chaige  effects  and 
predict  the  size  of  the  beam  at  various  positions,  was 
benchmarked  against  the  experiment.  The  codes  predict  that 
transmission  of  a  12  A  beam  will  lead  to  a  marginally  higher 
current  loss.  First  generation  of  mm-wave  power  at  1  MW 
level  and  pulses  of  20  jis  duration  are  foreseen  for  Summer 
1997. 
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Abstract 

The  Compact  Infixed  Free  Electron  Laser  (CIRFEL)  is  part  of 
a  program  to  develop  FEL’s  for  use  by  researchers  in  the 
materials,  medical,  and  physical  sciences.  The  CIRFEL  has 
lased  from  12.5  to  20.5  microns  with  5  psec  pulses  in  excess 
of  5  micro-Joules/pulse.  Much  progress  has  been  made 
towards  the  CIRFEL  becoming  a  useful  research  tool.  We 
will  discuss  the  operational  status,  stability  issues,  and 
experimental  results  of  the  CIRFEL. 

Introduction 

The  Compact  Infrared  Free  Electron  Laser  (CIRFEL) 
was  built  as  part  of  a  joint  collaboration  between  Northrop 
Grumman  and  Princeton  University  to  develop  FEL’s  for  use 
by  researchers  in  the  material,  medical,  and  physical  sciences 
and  to  provide  a  platform  for  the  development  of  future  EEL 
systems.  The  design  and  layout  of  the  CIRFEL  have  been 
well  documented  elsewhere[l,2]  so  only  its  primary  features 
will  be  touched  on.  The  CIRFEL  utilizes  an  RF,  photo¬ 
cathode  electron  gun  to  achieve  high  brightness,  short  electron 
bunches  in  a  train  of  5ps  duration.  These  electron  bunches  are 
accelerated  through  a  compact  accelerating  structure  (-0.31m) 
to  9-12MeV  and  directed  into  the  13.6mm  period,  73  period 
permanent  magnet  undulator  to  produce  a  train  of  short  (-5ps 
with  7ns  separation),  intense  pulses  of  IR.  The  parameters  of 
the  CIRFEL  are  summarized  in  Table  1 . 


X  -.‘i ...  -k:;,  •  ; 

Achieved 

Planned 

Energy 

Beam  Charge 

Energy  Spread 

Macropulse  Length 
Repetition  Rate 

FEL  Wavelength 

FEL  Micropulse  Energy 
Wiggler  Period 

Aw 

9-12.2  MeV 

2  nC 
<0.2% 

6  psec 

5  Hz 

12.5-20  pm 
-5pJ 

13.6  mm 

0.2 

7- 14  MeV 
2nC 

0.1% 

10  psec 

10  Hz 

8- 20  pm 
50-80  pj 

10  mm 

0.24 

Table  1 .  CIRFEL  performance  parameters  achieved  to  date  and 
planned  for  the  future. 


The  electron  energy  is  presently  limited  by  arcing  in 
both  the  gun  and  the  booster.  The  macropulse  length  is  also 
limited  by  this  problem.  The  beam  charge  goal  of 
2nC/micropulse  has  been  met,  but  routine  operation  at  this 
level  is  still  elusive.  The  energy  spread  measurement  is 


emmitance  limited  at  the  present  time,  so  better  performance  is 
unmeasurable.  The  repetition  rate  is  limited  by  the  DC  power 
supply,  but  a  new  one  is  in  hand  and  plans  are  to  install  it  in 
the  near  future,  allowing  operation  at  lOHz.  A  new  wiggler  is 
also  in  hand  and  is  planned  to  be  installed  in  the  near  future. 
This  wiggler,  along  with  new  FEL  cavity  mirrors,  will  allow 
for  a  dramatic  improvement  in  FEL  output  power. 

Progress 

The  CIFEL  first  lased  on  May  15,  1996[3].  Since 
that  time  all  efforts  have  been  devoted  to  achieving  stable, 
reliable  lasing.  Work  has  been  focussed  on  measuring  and 
correcting  the  shot-to-shot  stability  of  the  photo-cathode  laser 
and  RF  systems.  The  goal  is  to  achieve  0.2%  wavelength 
stability  (0.1%  energy  stability)  and  10%  amplitude  stability 
of  the  FEL’s  IR  output  pulse.  The  wavelength  (energy) 
stability  goal  is  a  very  challenging  number  to  achieve.  These 
numbers  correspond  to  an  RF  input  power  stability  of  better 
than  0.14%  (less  than  a  0.007dB  change)  and  a  charge  stability 
of  better  than  1.5%  at  InC  (or  2mA),  assuming  equal 
contributions. 

Previously,  the  RF  power  stability  was  measured  to 
be  about  0.25%.  Most  of  the  variation  could  be  traced  to 
noise  introduced  in  the  low-level  RF  chain.  A  slight  redesign 
of  the  RF  signal  chain  eliminated  this  noise  source.  This, 
along  with  a  tune-up  of  the  500W  amplifier,  reduced  the  RF 
power  shot-to-shot  jitter  to  -0.15%  or  better  over  a  minute  of 
time  or  less.  There  is  however  a  long  term  drift  of  the  RF 
power  associated  with  temperature  which  needs  to  be  corrected. 
These  improvements  in  the  RF  stability  have  also  enabled  the 
Feed-Forward  system[4]  to  flatten  the  RF  pulse  with 
unprecedented  accuracy.  The  RF  pulse  amplitude  can  now  be 
flattened  reliably  to  within  ±0.025%  and  the  phase  corrected  to 
better  than  ±0.25°. 

The  charge  stability  should  be  exclusively  due  to  the 
stability  of  the  UV  photo-cathode  laser.  However,  we  may 
have  seen  some  evidence  of  shot-to-shot  variations  in  the 
quantum  efficiency  of  the  photo-cathode  itself  under  certain 
circumstances.  This  seems  to  occur  only  at  high  emissions. 
The  photo-cathode  laser  was  initially  measured  to  have  ±10% 
amplitude  variations.  A  number  of  things  were  done  to 
improve  the  shot-to-shot  stability  of  the  laser.  Baffling  was 
installed  along  the  entire  path  of  the  laser  beam  to  eliminate 
beam  stearing  due  to  air  currents.  This  produced  a  very 
noticeable  improvement.  All  of  the  optics  have  also  been 
realigned.  In  addition,  the  original  KDP  second  and  fourth 
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hannonic  generation  ciystals  have  been  r^laced  with  BBO 
crystals  to  improve  the  conversion  efficiency  and  decrease  the 
sensitivity  with  temperature.  These  efforts  have  reduced  the 
laser  variations  to  around  4%  from  pulse  to  pulse.  This 
corresponds  to  current  variations  in  the  range  of  1.5  to  3mA. 
This  is  very  close  to  our  goal  (and  sometimes  exceeds  it).  As 
with  the  RF  system,  we  have  longer  term  drifts  in  the  laser 
system  due  to  temperature  effects.  We  also  have  experienced 
long  term  drifts  in  cathode  emission  characteristics  while 
operating  the  FEL. 

Present  Status 


[2]  “Status  of  the  Grumman  Compact  Infrared  FEL,”  I.  S. 
Lehnnan,  etal.^  Nucl.  Inst.  Meth.,  A358  (1995)  ABS  5. 

[3]  “First  Lasing  of  the  Compact  Infrared  Free  Electron  Laser,” 
1.  S.  Lehrman,  et  aL,  to  be  published  Nucl.  Inst.  Meth. 

[4]  “Feed  Forward  Control:  An  Implementation  at  CIRFEL,” 
R.  Hartley,  et  al,^  Nucl.  Inst.  Meth,  A375  (1996)  ABS  22. 


The  CIRFEL  has  been  lasing  for  about  a  year.  In  that 
year,  great  strides  have  been  made  toward  making  it  into  a 
reliable  research  tool.  One  can  typically  be  lasing  within 
minutes  of  turning  the  beam  on.  Energy  variation  between 
pulses  has  been  measured  to  be  '•O.  1-0.2%  on  a  reliable  basis. 
This  measurement  was  taken  using  an  OTR  screen  in  the 
accromat  and  measuring  the  beam  movement.  The  resolution 
limit  of  this  measurement  is  about  0.1%  due  to  the  minimum 
beam  size  achievable  on  this  screen.  The  actual  wavelength 
stability  is  also  a  difficult  measurement  due  to  the  width  of  the 
spectrum  and  our  current  measurement  method.  Where  most 
of  the  measurements  have  been  made  (16-17p.m)  the  spectrum 
is  about  O.lpm  wide,  limiting  our  measurement  resolution  to 
about  0.05pm  or  about  0.3%.  The  amplitude  stability  of  the 
IR  output  has  been  measured  to  be  better  than  10%.  An 
output  energy  of  about  IpJ/micropulse  (or  200kW/micropulse) 
can  be  reliably  achieved,  although  energies  up  to 
5|iJ/micropulse  have  been  measured.  Lasing  can  be 
maintained  for  more  than  two  hours,  although  the  wavelength 
will  drift  during  that  time  unless  corrective  measures  are  taken. 
We  expect  the  first  experiment  utilizing  the  IR  laser  light  to 
take  place  in  the  very  near  future. 

Future 

We  have  a  replacement  wiggler  in  hand.  This  wiggler  has  a 
shorter  period  and  fewer  periods,  allowing  us  to  shorten  the 
resonator  cavity  from  three  electron  bunches  to  two  electron 
bunches.  The  new  wiggler  will  allow  access  to  shorter 
wavelengths  and  will  provide  substantially  higher  output 
powers.  A  spectrometer  is  in  the  design  stage  to  allow  more 
accurate  energy  spread  measurements.  And,  we  are  addressing 
the  long  term  drift  issues  to  minimize  operator  intervention 
and  to  more  accurately  hold  the  wavelength  steady  for  extended 
periods  of  time. 
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Abstract 

A  summary  of  the  progress  on  the  construction  of  a  CHI 
wiggler  ubitron  amplifier  experiment  is  provided.  Details 
on  the  final  wiggler  design  are  presented,  along  with  the 
methods  used  to  arrive  at  an  adiabatic  entrance  configure- 
tion. 


Introduction 

Free  electron  lasers,  while  attractive  as  sources  of  high 
power,  high  frequency  radiation,  suffer  from  the  high  volt¬ 
ages  pr^ently  utilized  for  operation,  causing  them  to  be 
impractical  for  many  applications.  The  Coaxial  Hybrid 
Iron  (CHI)  wiggler  [1-5]  configuration  overcomes  this  ob¬ 
stacle  by  allowing  the  use  of  short  periods  and  gap  spacings 
while  maintaining  excellent  beam  focusing  properties  and 
high  magnetic  fields.  This  reduces  the  overall  system  size 
while  maintaining  the  ability  to  operate  at  high  frequencies 
and  power  levels. 

The  35  GHz  ubitron  amplifier  experiment  will  demon¬ 
strate  the  operation  of  this  wiggler  configuration  and  allow 
a  study  of  its  predicted  potential  for  generating  high  wig¬ 
gler  magnetic  fields  at  short  periods  with  excellent  beam 
focusing  and  transport  properties. 


Design  Parameters 

The  ubitron  amplifier  will  operate  at  a  center  frequency  of 
35  GHz,  with  a  (simulated)  bandwidth  of  approximately 
25  %.  A  modified  SLAC  klystron  electron  gun  will  pro¬ 
vide  the  10  A,  100  kV  annular  beam,  at  a  repetition  rate 
of  1-100  Hz  (pulse  width  of  1  /is).  The  design  parameters 
are  summarized  in  Table  1.  Input  power  is  fed  into  the 
amplifier  through  a  novel  coupler  which  converts  the  TEqi 
coaxial  mode  in  an  outer  coaxial  guide  to  a  TEoi  coaxial 
mode  in  the  inner  coaxial  guide  where  it  joins  the  annular 
beam  [6].  The  bandwidth  of  this  input  coupler  is  compa¬ 
rable  to  that  of  the  interaction  and  allows  for  wideband 
operation  of  the  device. 


Wiggler  Design 

An  entrance  section  to  the  wiggler  was  designed,  wherein 
the  wiggler  field  increases  adiabatically  towards  its  final 


Table  1:  Parameters  of  the  experimental  design . 
Wiggler  period, Au,  I  6.4  mm  |] 
Beam  voltage  100  kV 

Beam  current  10  A 

Beam  radius  0.56  cm 

Beam  thickness  0.10  cm 

Applied  field  7.7  kQ 

Center  frequency  35  GHz 
Interaction  mode  TEqi  coaxial 

Input  power  100  W 

Peak  efficiency  6.75  % 

Gain(saturated)  28  dB 


Figure  1;  Closeup  of  the  wiggler  entry  section.  Ferromag¬ 
netic  pieces  are  hatched  with  lines  running  from  lower  left 
to  upper  right. 


vdue  at  the  interaction  section.  A  closeup  schematic  of 
the  wiggler  entrance  is  shown  in  Fig.  1.  In  the  figure,  the 
ferromagnetic  pieces  are  surrounded  by  a  stainless  steel 
shell,  used  for  indexing  purposes  only,  which  attaches  to 
the  flanges  through  another  stainless  steel  disk.  By  index¬ 
ing  on  the  outer  shell,  the  non-ferromagnetic  spacers  may 
then  be  made  from  lighter  rings  of  larger  inner  radius  than 
the  ferromagnetic  pieces.  The  vacuum  jacket  is  formed  by 
the  outer  waveguide,  which  is  welded  to  the  flanges  at  ei¬ 
ther  end.  The  inner  pieces  are  completely  enclosed  in  their 
own  vacuum  jacket,  a  stainless  tube  which  forms  the  inner 
waveguide,  also  shown  in  the  figure. 

The  entry  tapered  field  section  consists  of  the  first  ten 
periods  at  each  end  of  the  wiggler,  with  the  tenth  being 
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Figure  2:  Wiggler  field  for  untapered  CHI. 


Figure  3:  Wiggler  field  for  tapered  CHL 


a  standard  size  period, 
creasing  field  amplitude  as  the  beam  enters  the  interaction 
region,  variations  are  necessary  in  both  the  ferromagnetic 
pole  shapes  and  the  period  (the  poles  remain  the  same 
width,  but  their  spacing  varies).  For  the  outer  poles,  the 
peak  radial  field  at  gap-center  (of  standard-sized  poles)  de¬ 
creases  as  the  inner  radius  is  increased.  A  similar  result  is 
observed  as  the  outer  radius  of  the  inner  poles  is  reduced. 
The  reasoning  behind  the  varied  spacing  comes  from  the 
fact  that  increasing  the  inner  radius  of  the  outer  poles  also 
increases  their  sphere  of  influence  along  the  axis  (analo¬ 
gous  to  increasing  the  radius  of  a  coil).  A  careful  empirical 
study  of  these  two  effects  in  both  the  inner  and  outer  poles 
gives  us  the  necessary  radii  to  obtain  a  desired  field  mag¬ 
nitude.  The  inner  and  outer  poles  are  placed  as  a  pair  a 
distance  away  from  the  next  period  equal  to  the  sum  of 
the  Azoutcr  from  the  outer  poles  of  each  of  these  periods, 
where  Az^utcr  is  the  distance  between  the  maximum  and 
the  center  null  of  the  gai>center  of  the  outer  poles. 
(The  fields  are  similar  to  those  of  a  coil.) 

Figures  2  and  3  are  plots  of  the  wiggler  field  (simu¬ 
lated)  for  an  untapered  and  a  tapered  configuration,  re¬ 
spectively.  The  untapered  one  consists  of  fifteen  uniform 
periods,  while  in  the  tapered  case  the  first  nine  periods 
are  modified  as  previously  discussed.  (The  applied  field  in 
these  cases  was  only  1.74  kG.)  Successful  simulations  were 
performed  in  which  the  beam  enters  the  tapered  interac¬ 
tion  region  with  minumum  perturbation. 


with  the  University  of  Maryland. 
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In  order  to  obtain  a  slowly  in-  contract 


Summary 

The  final  wiggler  design  should  prove  to  be  very  flexible  in 
case  of  any  necessary  changes.  The  experiment  is  presently 
in  the  final  stages  of  assembly  and  will  be  online  shortly. 
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A  new  grating-based  free-electron  laser  is  operating  in  the 
500  fim.  wavelength  range.  It  is  driven  by  a  scanning  electron 
microscope  e-beam  and  the  necessary  feedback  comes  from 
the  grating.  The  performance  and  future  prospects  will  be 
discussed. 


When  an  electron  beam  passes  close  to  the  surface  of 
a  metal  diffraction  grating,  radiation  is  produced  with  a 
wavelength 


where  I  is  the  grating  period,  p  =  v/c  is  the  electron’s 
relativistic  velocity,  6  is  the  angle  of  emission  measured 
from  a  direction  normal  to  the  surface  of  the  grating, 
and  n  is  the  spectral  order.  Since  light  produced  in  this 
manner  was  first  observed  by  Smith  and  Purcell  [1],  it 
has  come  to  be  known  as  Smith-Purcell  radiation. 

Smith-Purcell  radiation  from  millimeter  to  optical 
wavelengths  has  been  observed  by  various  investigators 
[2”6].  In  the  millimeter  wave  region,  the  stimulated 
component  of  the  emission  process  has  been  successfully 
used  as  the  basis  for  continuously  tunable  oscillators. 
Various  feedback  schemes  have  been  employed  [7,8].  It 
would  be  desirable  to  produce  similar,  compact  sources  at 
far-infrared  (FIR)  wavelengths  (30-1000  /im),  a  spectral 
regime  of  growing  interest.  However,  difficulty  has  been 
encountered  in  scaling  these  devices  down  to  operate  at 
these  wavelengths.  This  paper  reports  on  a  grating-based 
free-electron  laser  that  operates  in  the  FIR.  It  was  found 
that  no  external  feedback  elements  were  necessary  to  pro¬ 
duce  stimulated  emission;  the  necessary  feedback  is  pro¬ 
vided  by  the  grating  itself. 

This  device  is  based  on  a  scanning  electron  microscope 
(SEM).  A  schematic  of  the  SEM  is  shown  in  Fig.  1.  After 
several  modifications  were  made  to  the  SEM,  the  machine 
was  capable  of  generating  a  continuous,  cylindrical  beam 
(tungsten  cathode)  with  an  energy  of  30-40  keV,  a  waist 
diameter  >  20  /xm,  and  a  total  current  <  750  fiA,  The 
rectangular  profile  of  the  gratings  was  chosen,  using  the 
theory  of  van  den  Berg  [9],  to  m2iximize  the  power  of 
first  order  spontaneous  radiation  (n  =  -1)  emitted  in 
the  normal  direction  {6  =  0).  The  gratings  ranged  in 
period  from  128  to  308  /xm. 

The  beam  waist  was  placed  at  the  midpoint  of  the 
grating,  and  using  the  SEM’s  scanning  coils,  the  beam 
was  swept  perpendicular  to  the  surface  of  the  grating  at 


200  Hz  to  temporally  modulate  the  emitted  radiation  for 
lock-in  amplification.  The  beam  current  was  monitored 
with  a  carbon  Faraday  cup. 
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FIG.  1.  Schematic  of  the  modified  SEM. 


The  radiation  was  directed  out  of  the  SEM  by  means 
of  a  polyethylene  window,  focused  into  a  Czerny-Turner 
monochromater,  and  detected  using  a  helium-cooled,  sil¬ 
icon  composite  bolometer.  The  wavelengths  correspond¬ 
ing  to  the  peak  signals  through  the  monochromater  are 
in  excellent  agreement  with  those  predicted  by  Eq.  (1), 
as  is  shown  in  Fig.  2.  In  addition,  using  a  wire  grid  mesh, 
the  light  was  found  to  be  entirely  polarized,  as  expected 
from  an  elementary  application  of  Maxwell’s  equations 
to  the  beam-grating  system. 

In  order  to  make  power  measurements  the  light  leav¬ 
ing  the  SEM  was  focused  directly  into  the  bolometer  by 
means  of  a  TPX  lens.  The  time  averaged  power  inci¬ 
dent  on  the  detector  was  recorded  as  a  function  of  beam 
current.  As  can  be  seen  in  Fig.  3,  for  relatively  low  cur¬ 
rents  the  power  increases  linearly  with  the  beam  current 
as  expected  for  purely  spontaneous  emission.  However, 
when  the  beam  current  surpasses  a  certain  threshold,  the 
detected  power  evolves  from  a  linear  to  a  superlinear  cur¬ 
rent  dependence.  There  was  no  discernible  difference  in 
the  light’s  polarization  or  wavelength  between  the  two 
regimes. 
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FIG.  2.  Theoretically  predicted  vs.  experimentally  mea¬ 
sured  wavelength  for  gratings  of  various  periods  run  at  beam 
energies  between  30-40  keV  (Error  bars  are  approximately  the 
same  size  as  the  data  points). 

The  transition  from  a  linear  to  a  superlinear  depen¬ 
dence  of  the  power  on  the  beam  current  indicates  the 
onset  of  a  stimulated  process.  There  are  no  external  feed¬ 
back  elements;  the  grating  itself  acts  as  a  resonator. 


FIG.  3.  Detected  power  vs.  electron  beam  current  using 
the  I  =  173  pm  grating  at  35  keV  (A  =  490pm).  The  beam 
waist  diameter  is  approximately  24  pm.  Fits  were  made  of 
the  form  y  =  Ax^ . 

The  largest  peak  power  measured  was  10  nW  at  500  pm 
and  750  pA.  The  bandwidth  was  38  pm,  which  can  be 
obtained  using  Eq.  (1)  and  the  collected  solid  angle  of 
0.038  sr.  The  effective  emitting  area  is  not  known  pre¬ 
cisely,  but  using  a  value  derived  from  the  projected  area 
of  the  beam,  the  spectral  radiance  is  at  least  an  order  of 
magnitude  greater  than  that  of  a  5000  K  blackbody. 

It  must  be  emphasized  that  in  our  present  experiment 
the  current  densities  available  were^only  sufficient  to  raise 
the  output  by  about  an  order  of  magnitude  above  the 
spontaneous  emission  level.  The  current  density  could 


be  increased  by  switching  to,  for  instance,  a  lanthanum 
hexaboride  cathode  which  produces  a  beam  approxi¬ 
mately  ten  times  brighter  than  tungsten.  With  higher 
current  densities  significantly  greater  output  powers  are 
expected  as  well  as  shorter  wavelength  operation.  Even¬ 
tually,  an  extremely  compact  version  of  this  device  could 
be  constructed  using  field  emitter  array  cathodes  which 
could  produce  high  current  density,  low  emittance,  rib¬ 
bon  beams  [10]. 
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Abstract 

A  Cerenkov  FEL  is  under  construction  at  NCLR  in 
collaboration  with  the  Quantum  Electronics  group  of  the 
University  of  Twente.  The  system  described  here  will  operate 
from  about  0.6  to  6  mm  wavelengths  at  average  power  levels 
from  tens  of  Watts  up  to  about  1  kW. 

Introduction 


Free  electron  lasers  (FEL)  form  a  class  of  radiation  sources 
which  are  both  tunable  and  capable  of  delivering  high  output 
powers.  Tuning  characteristics  of  undulator  based  FEL's  imply 
that  an  increase  in  electron  beam  energy  results  in  an  decrease 
in  radiation  wavelenght.  Tlierefore,  huge  expensive  accelerators 
are  needed  to  obtain  short  wavelength  radiation.  In  this  paper 
we  describe  a  Cerenkov  FEL  (CFEL),  which  has  opposite 
tuning  characteristics.  This  allows  the  generation  of  mm-  and 
submm  radiation  with  a  relatively  compact  and  cheap  device. 

A  Cerenkov  FEL  basically  consists  of  a  dielectrically  lined 
waveguide  and  an  electron  gun.  The  dielectrically  lined 
waveguide  plays  the  role  of  the  undulator. 

Physical  principles 

Consider  a  cylindrical  waveguide  with  inner  radius  lined  with 
a  dielectric  material  of  thickness  dg.  Apart  from  ‘normal* 
modes,  this  waveguide  can  support  modes  with  a  phase 
velocity  less  than  the  speed  of  light  in  vacuum.  These  modes 


Fig,  1.  Dispersion  relation  for  the  three  lowest  TMq^  modes. 
The  inserts  show  the  radial  dependence  of  the  axial 
component  of  the  electric  field  for  a  TMqj  mode  at  two 
different  frequencies  corresponding  to  a  phase  velocity  greater 
and  less  than  the  velocity  of  light  respectively. 


essentially  propagate  through  the  dielectric  and  have  an 
evanescent  part  in  the  vacuum.  Due  to  this  evanescent  part,  an 
electron  beam  moving  in  the  vacuum  can  have  an  overlap  with 
the  radiation  field.  As  the  electron  beam  may  become 
synchronous  to  such  a  mode,  macroscopic  energy  exchange 
between  electron  beam  and  radiation  field  is  now  possible 
through  interaction  of  the  electrons  with  the  z-component  of 
the  electric  field.  In  fig.  1  we  have  plotted  the  dispersion 
relation  for  the  three  lowest  TM^^  modes  together  with  the 
light  line  in  vacuum  (o)/(ck)=l),  the  light  line  of  a  dielectric 
medium  ((0/{ck)=8r‘^^and  the  beamline  (co=cPk).  The  operating 
frequency  is  given  by  the  intersection  of  the  beam  line  with 
the  mode  dispersion  relation.  It  is  easily  seen  that  the 
frequency  increases  with  decreasing  beam  energy.  From  fig.  1 
it  becomes  clear  that  interaction  is  only  possible  if  the  electron 
beam  energy  is  above  a  threshold  value  y^T=c/(£r“l)  because 
the  phase  velocity  of  the  wave  is  always  above  c/e/‘^.  From 
the  radial  profile  of  the  axial  electric  field,  also  given  in  Fig. 
1,  one  can  see  that  good  coupling  can  only  occur  if  the 
electrons  move  close  to  the  dielectric  liner.  A  hollow  beam 
will  be  more  efficient  than  a  solid  beam  as  it  has  a  better 
overlap  with  the  evanescent  electric  field. 

Non-linear  simulations 

To  estimate  the  performance  of  the  CFEL,  non-linear 
calculations  were  performed  using  a  three-dimensional  model 
[1].  The  parameters  used  in  the  simulation  reflect  the  design 
parameters  of  the  CFEL  given  in  Table  1.  A  strong  axial 
magnetic  field  for  beam  guiding  purposes  has  been 
incorporated  in  this  model.  Fig.  2  shows  the  saturated  output 
power  as  a  function  of  frequency  for  two  different  electron 
beam  energies.  These  curves  were  obtained  by  calculating  the- 
maximum  amplification  of  a  single-frequency  100  W  input 
field.  The  radiation  field  is  restricted  to  a  few  TMon  modes.  TTie 
TMqi  mode  however,  is  the  only  mode  which  has  appreciable 
interaction  with  the  electron  beam.  Remarkable  is  the 


Parameter 

Value 

Unit 

Beam  energy  (ripple  <  0.5%) 

250-500 

KeV 

Beam  current  I 

30-100 

A 

Outer  beam  radius 

5 

mm 

Thickness  beam  dr 

<1 

mm 

Waveguide  radius  r. 

6 

mm 

Thickness  dielectric  material  d^ 

0.2-0.5 

mm 

Dielectric  constant  e. 

2-9 

Axial  magnetic  field  Bn 

0-2.75 

T 

Longit.  momentum  spread  Sp/p, 

<1% 

Electron  pulse  duration  t 

10 

US 

Repetition  rate  /.„ 

<  10 

Hz 

Interaction  length  / 

30 

cm 

Table  /.  Design  parameters  of  the  Cerenkov  FEL. 
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Fig.  2.  Saturated  power  for  two  different  values  of  y.  All 
other  parameters  are  fixed 

asymmetry  of  the  curves.  According  to  these  calculations, 
output  powers  of  several  MW  are  realizable.  Combined  with  a 
10  ps  pulse  and  a  10  Hz  repetition  rate,  average  output  powers 
of  the  order  of  1  KW  should  be  possible.  The  saturation  power 
decreases  with  increasing  frequency  (~  decreasing  beam  energy). 
Further  calculations  (not  presented  here)  indicate  that  the 
saturation  output  power  depends  sensitively  on  the  electron 
beam  thickness.  It  was  found  that  the  maximum  power 
dropped  with  a  factor  of  4  in  going  from  an  annular  beam  with 
<4  =  0.5  mm  to  a  solid  electron  beam  while  keeping  the  total 
beam  current  constant.  The  maximum  power  also  depends 
rather  sensitively  on  the  longitudinal  momentum  and  energy 
spread  of  the  electron  beam. 

Therefore,  it  was  necessary  to  develop  an  electron  gun  which 
produces  a  thin  walled,  cold  electron  beam. 

Thermionic  electron  gun 

A  fermionic  electron  gun  powered  by  a  modulator  was 
designed  to  deliver  an  annular  electron  beam  for  the  CFEL 
[2,3].  A  Lanthanum  hexaboride  thermoemitter  was  chosen  in 
view  of  its  good  reproducibility,  high  repetition  rate  and  well 
developed  technology.  As  the  emissive  power  of  LaB^  is  not 
high  enough  to  produce  a  high  current  beam  of  the  desired 
dimensions,  a  rather  large  cathode  surface  is  necessary  in 
combination  with  a  high  degree  of  magnetic  compression 
(>=10).  In  fig.  3  a  simplified  electrode  configuration  is 
presented  along  with  the  magnetic  field  produced  by  a 
superconducting  magnet.  Numerical  simulations  have  been 
performed  to  estimate  the  amount  of  transverse  momentum 
that  electrons  acquire  during  the  compression.  It  can  be  shown 
that  the  magnetic  field  can  be  tuned  in  such  a  way  that 
electrons  emitted  from  a  certain  radial  position  on  the  cathode 
will  have  zero  transverse  momentum  in  the  interaction  region. 
Electrons  emitted  from  other  radial  positions  will  have  a  non¬ 
zero  transverse  momentum  component  [4].  In  Fig. 3  electrons 
emitted  from  the  outer  edge  of  the  emitter  have  zero  transverse 
momentum  in  the  interaction  region.  The  transverse 
momentum  of  this  electron  is  shown  in  Fig.  3  as  the  dotted 
line.  Preliminary  experiments  with  the  electron  gun  indicate 
that  it’s  emissive  power  agrees  with  the  design  value. 


Measurements  of  the  modulator  output  voltage  give  that  the 
energy  spread  of  the  electron  beam  is  less  than  0.5%. 

Acknowledgements 


Fig.  3.  Schematic  configuration  of  the  electrodes  along  with 
the  magnetic  field  required  for  beam  compression  and 
guiding.  Shown  are  three  electron  orbits,  for  electrons 
emitted  at  the  inside  of  the  emitter  ring,  the  outside  and 
center. 
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Abstract 

A  thermionic  electron  gun  can  be  used  to  provide  the  electron 
beam  for  a  Cerenkov  Free-Electron  Laser  (CFEL).  However, 
for  high  beam  currents  of  approximately  100  A  or  more  beam 
compression  is  usually  required.  Under  certain  conditions  one 
can  show  that  the  longitudinal  velocity  distribution  produced  is 
approximately  parabolic  and  can  be  controlled  by  the  magnetic 
field.  A  3D  numerical  code  has  been  used  to  check  the 
influence  of  this  type  of  distribution  on  the  performance  of  the 
CFEL. 

Electron  beam  produced  by  a  thermionic 
gun 


A  thermionic  electron  gun  producing  an  annular  electron  beam 
will  be  considered  as  it  is  optimised  for  use  in  a  Cerenkov 
FEL  (e.g.  [1,2]).  Operating  at  high  beam  currents  requires  the 
emission  area  to  be  much  larger  then  the  desired  beam  cross- 
section  in  the  interaction  region,  i.e.,  the  region  where  the 
waveguide  is  lined  with  a  dielectric  material.  In  the  gun 
considered  both  the  accelerating  electric  field  and  a  magnetic 
field  produced  by  a  set  of  coils  are  used  to  compress  the 
electron  beam  from  its  initial  dimensions  at  the  cathode  surface 
to  a  final  outer  beam  diameter  in  the  interaction  region.  Fig.  1 
shows  an  example  of  such  a  gun.  During  the  compression  the 
electrons  will  obtain  a  small  transverse  velocity  component 
and  will  therefore  perform  a  Larmor  motion  around  the 
magnetic  field  lines.  The  radius  of  the  Larmor  motion,  and 
thus  the  transverse  velocity  component,  depends  on  the 


Fig.  /.  Schematic  view  of  electron  gun.  The  electrodes  are 
shown  together  with  the  radial  position  of  electrons  emitted 
from  the  two  edges  of  the  emitter  and  the  centre.  The 
magnetic  field  and  the  transverse  velocity  yv/c  for  an 
electron  emitted  from  the  edge  of  the  emitter  are  also  shown. 


geometry  of  the  gun  and  the  strength  of  the  magnetic  field  at 
the  emiter  surface.  By  placing  an  additional  coil  with  opposite 
current  near  the  cathode  one  can  tune  the  magnetic  field  to 
become  tangential  to  the  velocity  of  an  electron  emitted  from  a 
fixed  radial  position  at  the  cathode.  When  this  happens  the 
velocity  remains  tangential  to  the  magnetic  field  line  for  that 
particular  electron  and  it  will  have  zero  transverse  velocity  in 
the  interaction  region.  Fig.  1  shows  the  situation  where  the 
magnetic  field  is  tuned  to  obtain  zero  transverse  velocity  for 
electrons  emitted  from  the  outer  edge  of  the  ring  shaped 
emitter.  Single  particle  trajectories  are  numerically  calculated 
for  the  geometry  shown  in  fig.  1 .  These  calculations  show  that 
in  the  interaction  region  the  transverse  momentum  is  nearly 

linear  with  the  displacement  from  =  ytnck  ) , 

where  is  the  radial  position  within  the  beam  for  which  the 
transverse  momentum  is  zero  and  kp  is  a  constant  independend 
of  the  magnetic  field  when  it  is  optimised  for  a  specific  value 
of  One  easily  finds  that  the  corresponding  longitudinal 
velocity  distribution  is  approximately  parabolic  of  shape  as  a 
function  of  the  radial  position  and  that  the  maximum  is 
determined  by  the  position  of  r^.  Note  that  the  beam  has  the 
lowest  spread  in  axial  velocity  for  in  the  middle  of  the  beam. 
Also  the  average  axial  velocity,  <Vj>,  is  now  a  function  of  r^. 
Again  taking  r^  in  the  middle  of  the  beam  results  in  the  highest 
value  for  <v^>  while  it  reaches  a  smallest  value  near  the  edges 
of  the  annular  beam. 

Performance  of  the  Cerenkov  FEL 

In  order  to  investigate  the  influence  of  this  type  of  velocity 
distribution  on  the  performance  of  the  CFEL,  in  particular  the  * 
influence  of  r^,  a  non-linear  model  of  the  CFEL  [3]  was 
adjusted.  Normaly  a  Gaussian  distribution  is  used  for  the 
energies  of  the  electrons  and  the  velocity  components  are 
initialised  assuming  a  certain  emittance  for  the  beam.  This 


Parameter 

Value 

Unit 

Beam  energy  y 

1.45 

Beam  cunent  I 

100 

A 

Outer  beam  radius  Ry, 

5 

mm 

Thickness  beam  dr 

0.5 

mm 

Gap  between  beam  and  dielectric  d 

0.5 

mm 

Thickness  dielectric  material  d^ 

0.5 

mm 

Dielectric  constant  £; 

4.5 

Axial  magnetic  field  Bn 

2.0 

T 

Input  power 

100 

W 

Table  I.  Main  parameters  of  CFEL 


method  is  not  suitable  for  the  parabolic  type  of  axial  velcoity 
distribution  where  a  correlation  exists  between  initial  radial 
position  and  axial  velocity.  Therefore  the  following  method  is 
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Fig.  2.  Saturated  power  in  AfW  as  a  function  of  energy 
spread  and  frequency. 

used.  After  the  electrons  are  distributed  over  the  cross  section 
of  the  beam  a  transverse  momentum  is  allocated  according  to 
its  radial  position.  A  random  angle  distribution  is  used  to 
calculate  the  two  transverse  components  from  p±.  The 
longitudinal  velocity  is  calculated  from  pj_  and  the  energy  of 
the  electron.  Compared  to  a  real  electron  beam  emitted  from 
the  cathode,  this  methode  of  initialisation  effectively  changes 
the  centre  of  the  Lannor  motion  of  the  electrons  and  the  outer 
beam  radius  will  be  larger  by  about  the  Larmor  radius  in  the 
model. 

The  main  parameters  used  in  the  simulation  are  summarised  in 
table  1.  First  the  result  for  the  normal  initialisation  will  be 
given.  Fig.  2  shows  the  saturated  power  as  a  function  of  the 
frequency  and  the  energy  spread  in  the  beam.  Here  a  very  small 
normalised  emittance  is  used  (0.1  mm  mrad).  so  that  all 
electrons  have  approximately  only  an  axial  velocity 
component,  its  value  being  determined  by  the  energy  of  the 
electron.  The  maximum  power  is  about  1.9  MW  at  77  GHz. 
Note  that  the  interaction  length  was  allowed  to  increase  until 
saturation  was  obtained  and  that  the  frequency  has  been 
increased  with  1  GHz  steps.  As  the  average  axial  velocity 
remains  the  same  (as  only  the  spread  is  increased),  one  finds  no 


Fig.  4.  Saturated  power  in  MW  as  a  function  of  r^  and 
frequency  for  a  parabolic  longitudinal  velocity  distribution. 
shift  in  frequency  for  which  maximum  saturated  power  is 
obtained. 

For  the  same  parameters  the  parabolic  distribution  is 
investigated.  Here  the  electron  beam  is  considered  to  be  mono- 
energetic.  All  velocity  spread  is  due  to  the  beam  compression 
by  the  electric  and  magnetic  field  in  the  gun.  Two  values  of 
the  constant are  considered,  200  m  '  and  500  m  '.  The  shift 
in  frequency  for  maximum  power  is  clearly  visible  in  fig.  3 
and  is  due  to  the  dependence  of  <v,>  on  r,.  It  is  also  clear  that 
the  maximum  power  of  about  2.4  MW  at  78  GHz  is  obtained 
for  Tj  near  the  outer  edge  of  the  electron  beam.  This  is  due  to 
the  velocity  distribution  and  the  radial  dependence  of  the  TMo, 
mode  of  the  radiation  field.  An  increase  in  (fig.  4)  has 
several  effects.  First  it  results  in  a  higher  (axial)  velocity 
spread  in  the  beam  and  consequently  the  saturated  power 
decrees  (1.3  MW  maximum  for  fig.  4).  Also  the  value  of  r^ 
for  with  maximum  power  is  obtained  shifts  towards  the  centre 
of  the  beam.  Note  that  the  saturated  power  drops  faster  for  r, 
moving  from  the  centre  towards  the  inner  edge  compared  to 
moving  to  the  outer  edge.  With  increasing  it,  the  increase  in 
velocity  spread  when  r,  moves  away  from  the  centre  of  the 
beam  counteracts  the  increase  in  gain  due  to  radial  dependence 
of  the  radiation  field  eventually  resulting  in  lower  saturated 
powers  for  r,  moving  towards  the  edge  of  the  beam. 
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Fig.  3.  Saturated  power  in  MW  as  a  function  of  r,  and 
frequency  for  a  parabolic  longitudinal  velocity  distribution. 
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Abstract 

Iheoretical  analysis  of  a  W-b^d  free-electron  laser 
amplifier  has  begun  for  a  helical  wiggler/cylindrical  waveguide 
configuration  using  the  ARACHNE  simulation  code  [1]. 
ARACHNE  is  a  three-dimensional  slow-time-scale  free- 
electron  laser  simulation  code  which  integrates  equations  for 
the  evolution  of  the  amplitudes  and  phases  of  an  arbitrary 
number  of  TE  and  TM  modes  in  a  cylcindrical  waveguide  in 
the  presence  of  an  electron  beam  propagating  through  the 
waveguide  in  the  presence  of  a  helical  wiggler  and  an  axial 
guide  magnetic  field.  Preliminary  studies  indicate  that  an 
efficiency  of  5-10%  with  a  bandwidth  of  10  GHz  is  possible  in 
the  W-band  using  a  320  kV/50  A  electron  beam  and  a  wiggler 
with  a  magnitude  of  2.5  kG  and  a  period  of  0.88  cm. 

Mathematical  Formulation 

The  basic  formulation  relies  upon  the  nonlinear,  three- 
dimensional,  slow-time-scale  simulation  code  ARACHNE 
[ref.  1,  chap.  5]  which  describes  the  interaction  between  an 
electron  beam  and  the  TE  and  TM  modes  in  a  cylindrical 
waveguide  as  mediated  by  the  presence  of  a  helically 
symmetric  wiggler  field  and  an  axial  guide  magnetic  field. 
ARACHNE  is  a  single-frequency,  steady-state  amplifier  model 
in  which  the  equations  describing  the  evolution  of  the 
amplitudes  and  phases  of  each  TE  and  TM  mode  included  in 
the  simulation  is  integrated  simultaneously  with  the  Lorentz 
force  equations  for  an  ensemble  of  electrons. 


In  simulating  such  a  device,  we  assume  a  TEn  mode 
interaction  in  a  waveguide  with  a  0.3  cm  inner  radius.  We  also 
assume  an  initial  beam  radius  [i.e.,  prior  to  injection  into  the 
wiggler]  of  0.2  cm  and  a  beam  current  of  50  A.  This  results  in 
a  current  density  of  398  A/cm^.  Under  the  assumption  of  an 
ideal  beam  in  which  the  normalized  emittance  vanishes,  we 
plot  the  efficiency  at  94  GHz  versus  beam  voltage  for  wiggler 
field  amplitudes  of  =  1.5,  1.75,  2.0,  2.5,  and  3.0  kG  in 
Fig.  1.  It  is  evident  that  the  efficiency  peaks  at  values  between 
14-15%  for  Bw  =  2.0-2.5  kG  and  for  beam  voltages  of  320- 
340  kV. 


Maxwell  s  equations  for  the  field  are  averaged  over  a  wave 
period  in  order  to  (1)  eliminate  the  fast  time  scale  from  the 
simulation,  and  (2)  reduce  the  number  of  electrons  in  the 
simulation  to  a  beamlet  which  is  injected  over  one  wave 
period.  However,  it  is  important  to  point  out  that  no  orbit 
average  is  performed  for  the  electron  trajectories.  For 
frequencies  near  resonance  these  equations  are  implicitly 
slowly-varying.  The  advantage  of  this  procedure  is  that  a 
greater  wealth  of  physical  phenomena  are  included  in  the 
simulation.  For  example,  ARACHNE  models  the  injection  of 
the  beam  into  the  wiggler.  This  will  be  seen  to  be  important 
because  substantial  beam  loss  can  occur  during  this  process. 

Numerical  Simulations 

We  are  interested  in  W-Band  operation  with  a  center  frequency 
of  94  GHz,  and  with  the  minimum  beam  voltage  that  is 
practical  for  operation  at  the  fundamental.  To  this  end,  we 
assume  a  helical  wiggler  with  a  period  of  0.88  cm  with 
amplitudes  of  up  to  3.0  kG  which  is  possible  using  a 
superconducting  design  [2].  A  94  GHz  fundamental  resonance 
is  possible  for  beam  voltages  of  300-400  kV  using  a  wiggler 
with  this  period. 


oince  the  interaction  occurs  over  a  broader  range  of  voltages 
for  B^^,  =  2.5  kG,  we  now  study  the  instantaneous  bandwidth 
for  voltages  of  320  and  330  kV.  These  results  are  shown  in 
Fig.  2.  It  is  clear  that  both  the  peak  efficiency  (=13.9%)  and 
the  FWHM  bandwidth  (92.8-101.4  GHz)  is  greater  at  the 
higher  voltage. 


Fig.  2  Instantaneous  bandwidth  for  B^  =  2.5  kG. 
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We  now  consider  the  effect  of  increases  in  the  normalized 
emittance  on  the  efficiency  and  bandwidth  at  330  kV.  This  is 
illustrated  in  Fig.  3  where  we  plot  the  efficiency  versus 
frequency  for  normalized  emittances  of  0, 20;rmm-mrad,  28;r 
mm-mrad,  and  A5n  mm-mrad.  It  is  clear  from  the  figure  that 
the  peak  efficiency  falls  off  from  13.8%  for  an  ideal  beam  to 
about  6%  for  a  normalized  emittance  of  45?r  mm-mrad  and  the 
center  frequency  falls  from  97.1  GHz  to  93.7  GHz;  however, 
the  bandwidth  remains  relatively  constant. 


Fig.  3  Variation  in  the  efficiency  with  emittance. 

One  prime  issue  in  the  development  of  a  W-Band  FEL 
amplifier  with  a  high  duty  cycle  is  the  extent  of  beam 
transmission.  At  high  average  powers,  the  loss  of  even  a 
small  fraction  of  the  beam  can  result  in  a  catastrophic  bum  of 
the  waveguide.  To  this  end,  we  study  the  beam  transmission 
for  each  of  the  emittances  used  in  Fig.  3  for  an  interaction  at 
94  GHz,  and  plot  the  results  in  Fig.  4.  Recall  that  we  model 
beam  injection,  and  for  this  purpose  we  assume  that  the 
wiggler  field  amplitude  increases  adiabatically  over  10  wiggler 
periods  (8.8  cm)  from  the  entrance  to  the  wiggler.  It  is  clear 
that  no  beam  loss  occurs  for  an  ideal  beam.  As  the  emittance 
incresaes  to  20;r  mm-mrad,  the  beam  loss  increases  to  only 
about  1  %  of  the  beam,  and  most  of  this  loss  occurs  during 
beam  injection.  As  the  emittance  increases  still  further,  beam 
loss  increases  rapidly  up  to  almost  40%  for  an  emittance  of 
45 ;r  mm-mrad.  Once  again,  however,  most  of  this  beam  loss 
occurs  during  the  injection  process. 


The  key  to  minimizing  beam  loss,  therefore,  appears  to  be 
twofold.  In  the  first  place,  the  emittance  should  be  lept  below 
20;r  mm-mrad  for  the  chosen  parameters.  To  this  end,  it 
should  be  noted  that  a  gun  design  has  been  reported  recently 
for  use  in  a  free-electron  maser  for  fusion  heating  applications 
with  an  emittance  of  l()-30;r  mm-mrad  [3];  hence  this  target 
does  appear  to  be  achievable.  In  the  second  place,  beam 
injection  must  be  carefully  considered.  No  axial  guide  field 
was  used  in  the  present  sample  cases,  and  we  expect  that  the 
additional  focusing  will  result  in  inproved  beam  transmission 
during  injection.  In  addition,  the  proper  shaping  of  the 
adiabatic  region  might  also  improve  beam  transmission  during 
injection. 

Summary  and  Discussion 

Design  calculations  have  been  presented  here  for  a  W-Band 
free-electron  laser  amplifier.  The  helical  wiggler  parameters  of 
0.88  cm  period  and  2.5  kG  peak  on-axis  field  amplitude  are 
within  the  state-of-the-art  for  superconducting  wiggler  design, 
and  permit  operation  in  W-Band  using  beam  voltages  of  300- 
400  kV.  Assuming  a  current  density  of  <  400  A/cm^  and  an 
emittance  of  20;r  mm-mrad  or  less,  which  is  also  with  the 
state-of-the-art,  efficiencies  of  10-14%  are  possible  with  an 
instantaneous  bandwidth  of  about  9%.  This  yields  peak  powers 
of  1. 6-2.3  MW,  which  results  in  average  powers  in  the  range 
of  16-230  kW  for  duty  factors  ranging  from  1-10%. 
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Fig.  4  Beam  propagation  versus  emittance. 
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Abstract 

The  narrow-band  FEM-oscillator  with  Bragg  resonator  operated 
in  reversed  guide  field  regime  was  realized  on  the  base  of  bigti- 
currait  accelerator  University  of  Strathclyde  formed  300  keV,  50  A, 
100  ns  electron  beam.  At  the  frequaicy  32  GHz  tiie  radiation  with 
the  power  500  kW  and  eflSciency  5%  was  registrated.  The  FEM 
parameters  under  vduch  the  generation  was  obsnved  were  in  good 
agreement  with  numerical  simulation  as  well  as  measured  radiation 
frequencies  coincided  with  the  results  of  "cold"  microwave 
experiments. 


Introduction 

One  of  the  promising  sources  of  powerful  coherent  Ka- 
band  radiation  are  Free  Electron  Masers  (FEM)  with  a  guide 
magnetic  field.  The  high  efficiency  operation  of  such  FEMs 
have  been  demonstrated  for,  the  so-called,  reversed  guide 
field  regime  both  for  amplifier  [1,  2]  and  oscillator  [3] 
schemes.  In  oscillators,  the  use  of  Bragg  resonator  [4]  permits 
one  to  realize  a  narrow-band  width  of  radiation  spectrum  [3- 
5],  Results  of  experimental  study  of  a  Ka-band  FEM- 
oscillator  operated  in  reversed  guide  field  regime  on  the  base 
of  high-current  accelerator  University  of  Strathclyde  are 
discussed  in  the  report. 

Experimental  set-up 

An  experimental  study  of  the  FEM  was  performed  on  an 
explosive  emission  accelerator  (fig.l)  University  of 
Strathclyde  which  generated  electron  energies  of  -300  keV 
and  up  to  50  A  beam  current  pulse  of  duration  100  ns.  An 
operating  transverse  velocity  of  electrons  was  induced  by  a 
helical  wiggler  with  period  2.3  cm  and  amplitude  of 
transverse  magnetic  field  on  the  axis  of  up  to  0.3  T.  The 
wi^er  field  was  slowly  up-tapered  over  the  initial  five 
periods,  providing  an  adiabatic  entrance  for  the  electron 
beam,  the  regular  section  of  the  wiggler  contained  15  periods. 
The  wiggler  was  immersed  in  a  uniform  axial  magnetic  field 
generated  by  a  dc-solenoid.  The  strength  of  this  field  can  be 
varied  up  to  0.3  T.  Also,  it  was  possible  to  vary  the  direction 
of  the  guide  field. 
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Fig.  1  Scheme  of  the  exjKhment 


Advantages  of  FEM  operation 
in  reversed  guide  field  regimes 

A  reversed  guide  field  regime  was  chosen  for  operation  of 
the  FEM.  In  such  a  regime  the  direction  of  the  rotation  of  the 
electrons  in  the  uniform  axial  guide  field  is  opposite  to  its 
rotation  in  the  wiggler  field  (marked  by  sign  further).  An 
advantage  of  the  reverse  guide  magnetic  field  regime, 
operating  far  fi-om  the  cyclotron  resonance,  is  the  ability  to 
form  a  high-quality  helical  electron  beam  with  low  spread  of 
parameters,  if  an  adiabatic  entrance  for  the  electrons  is  used. 

Computer  simulation  of  the  e-beam/e.m.wave  interaction 
confirms  this  conclusion.  In  this  simulation  a  3-D  code  was 
used  for  particle  motion  in  the  wiggler  and  solenoid  fields 
wiuch  were  obtained  from  "cold"  measurements  with  the  RF- 
field  structure  found  from  simulation  of  the  “cold”  Bragg 
resonator.  It  was  discovered  that  for  a  FEM  with  axial  guide 
field  operating  in  reversed  guide  field  regimes  the  sensitivity 
to  the  initial  spread  of  beam  parameters  was  very  small.  Even 
for  an  electron  beam  with  a  rather  large  initial  "parasitic" 
transverse  velocity  (approximately  50%  of  operating 
transverse  velocity  Ps_oper)  a  decline  of  FEM  efficiency 

averaged  over  all  the  fractions  (fig.2)  was  not  more  than  1% 
of  the  efficiency  in  comparison  to  a  FEM  Mien  driven  by  an 
ideal  electron  beam  (zero  abscise  in  fig.2).  The  simulations 
carried  out  therefore  prove  the  capability  of  high-efficiency 
FEM  operation  and  was  corroborated  in  previous  experiments 
of  a  FEM  with  reversed  guide  field  [1-3]. 


Fig.2  Efficiency  of  the  FEM  operating  in  reversed  guide  field 
regime  versus  initial  parasitic  transverse  velocity  in  the  driving 
beam  APj^^  (computer  simulation) 


Microwave  system  of  the  FEM 
The  microwave  cavity  consisted  of  two  Bragg  reflectors 
separated  by  a  central  10  cm  long,  15  mm  inner  diameter 
uniform  cylindrical  waveguide.  The  Bragg  reflectors  were 
constructed  by  machining  0.3  mm  deep  and  5.6  mm  period 
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corrugations  on  the  inner  wall  of  the  waveguide.  The  cavity 
was  optimized  for  oscillation  of  the  lowest  order  TE14 
cylindrical  cavity  mode.  The  frequency  of  operation  for 
optimum  reflection  of  the  backward  TMj  1  wave  was  designed 
and  measured  in  “cold”  microwave  experiments  to  be  near 
32.5  GHz,  The  band-width  of  effective  reflection  in  this  zone 
as  well  as  positions  of  longitudinal  modes  of  the  resonator 
were  shown  in  fig.3. 
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Fig,3  (a)  Reflection  coeflficient  of  Bragg  mirrors  having  different 
lengths  versus  frequency  (solid  line  corresponds  to  the  **coW 
microwave  measurements,  dotted  line  corresponds  to  the 
calculations),  (b)  Positions  of  longitudinal  modes  of  the  Bragg 
resonator  (11  cm  +  15  cm  +  11  cm)  utilized  in  the  experiment 

Experimental  results 

An  electron  beam  transportation  through  the  electron- 
optical  FEM  system  and  the  formation  of  a  helical  electron 
beam  was  achieved  for  both  conventional  forward  and  reverse 
guide  magnetic  fields.  A  witness  plate  electron  beam 
diagnostic  consisting  of  a  beam  sensitive  Mylar  sheet  inserted 
in  the  beam  transport  region  was  used  to  measure  the  beam, 
position,  size  and  shape  for  both  the  forward  and  reversed 
guide  fields.  Comparison  of  the  beam  ‘spots’  on  the  witness 
plate  clearly  showed  a  more  uniform  electron  beam  was 
obtained  for  the  reversed  guide  field  regime. 

Radiation  with  the  designed  structure  of  the  TEi  i  wave 
was  observed  in  “hot”  experiments  when  a  reversed  guide 
field  configuration  was  utilized.  The  typical  oscilloscope 
traces  of  diode  voltage,  beam  current  and  RF-signal  are 
shown  in  fig.4.  In  the  experiments  the  microwave  output 
pulses  were  detected  by  a  rectifying  crystal  detector  and  RF- 
power  was  registrated  by  a  calibrated  thermocouple 
calorimeter.  The  frequency  of  radiation  was  measured  by 
means  of  a  set  of  cut-off  meshes  and  was  in  good  agreement 
with  calculations  and  was  also  consistent  with  results  obtained 
from  “cold”  microwave  experiments. 

It  should  be  noted,  that  two  operation  regimes  wore 
registreted  in  the  experiments.  When  the  wiggler  field  of  0. 1 
T  and  axial  guide  field  of  -0.2  T  was  s^plied,  the  generation 
of  the  TEj  1  mode  with  the  frequency  of  1 1  GHz 
corresponding  to  the  cut-off  frequency  of  the  microwave 
system  was  observed  (without  the  Bragg  resonator).  The 
increasing  of  wiggler  field  lead  to  decreasing  of  output  power. 
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The  critical  wiggler  field  under  \^4uch  the  radiation 
dis^jpeared  was  O.ll  T.  This  can  be  explained  by  the 
decreasing  of  the  axial  velocity  of  the  electrons  resulting  in  a 
shift  of  the  crossing  point  with  the  dispersion  curves  of  the 
TEi.i  mode  out  off  its  cut-off  frequency  and  decreasing  the  Q- 
fector  of  the  near-cut-off  mode. 

The  maximum  radiation  power  in  designed  Doppler 
frequency  up-shift  regime  on  the  TEu  mode  with  the 
frequency  near  32.5  GHz  was  observed  under  the  wiggler 
field  of  0.13  T  in  the  10%  band  of  its  changing.  With  the 
Bragg  resonator  configuration  of  11  cm  length  of  both 
collector-side  and  output-side  reflectors  and  15  cm  length  of 
regular  waveguide  section  an  output  power  of  500  kW 
corresponding  to  electron  efiBciency  of  about  5%  was 
measured  vriien  an  electron  beam  current  of  30  A  was 
utilized. 

The  results  of  the  experiments  confirm  a  possibility  of 
using  a  high-current  relativistic  electron  beam  (without  any 
electron  beam  reduction)  for  generation  of  powerful 
microwave  generation  in  FEM  with  reversed  guide  field 
configuration.  However,  the  measured  electron  efficiency  was 
less  than  theoretically  predicted  and  optimization  of  the 
Bragg  cavity  parameters  will  be  done. 


Fig.4  The  applied  accelerating  potential,  beam  current  and  mm- 
wave  outfnit.  All  dispayed  on  the  same  absolute  time  axis 
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Abstract 

A  millimeter  wave-beam  splitter  and  a  combiner,  both  of 
which  comprise  phase-correction  mirrors,  were  fabricated  and 
tested.  The  splitter  is  applied  in  a  high  power  gyrotron  to 
reduce  the  output  powCT  density  at  the  window,  and  the 
combine  is  used  to  combine  the  two  wave-beams  into  one  for 
transmission.  For  a  1 10-GHz,  TE22,6  mode  input,  the  power 
profiles  measured  at  the  splitter  and  combiner  output  positions 
WCTe  in  good  agreement  with  calculations. 

introduction 

Future  experimental  fusion  devices  such  as  ITER  or  LHD 
require  1-MW,  CW  gyrotron  tubes  at  operating  frequencies  of 
about  170  GHz.  The  design  of  their  output  windows  is  a 
crucial  problem  in  realizing  such  tubes,  whose  heat  load  is  so 
high  that  conventional  face-cooled  sapphire  double  disk 
windows  can  hardly  endure  to  pass  a  1-MW,  CW  beam.  The 
window  heat  load  can  be  reduced  by  dividing  the  output  wave 
power  in  the  tubes  and  by  transmitting  the  divided  power 
through  plural  windows. 

We  proposed  a  scheme  whereby  a  given  wave-beam  is 
shaped  into  the  desired  profile  using  multiple  phase-correction 
mirrors  [1].  A  wave-beam  splitting  and  combining  technique 
was  also  presented  in  that  paper.  The  present  paper  presents 
a  design  of  a  millimeter  wave-beam  splitter  and  a  combiner  for 
the  170GHz  TE31,8  mode  wave,  and  the  result  of  cold  test 
carried  out  for  a  millimeter  wave-beam  splitter  and  a  combiner 
for  the  1  lOGHz  TE22,6  mode  wave. 

Design  (for  170GHz) 

A  millimeter  wave-beam  splitter  and  a  combiner  were 
designed  for  the  TE31,8  mode  at  a  frequency  of  170  GHz, 
which  is  suitable  for  a  IMW  CW  gyrotron.  Fig.  1  shows  a 
schematic  diagram  of  the  millimeter  wave-beam  splitter  and 
the  combiner.  The  splitter  inside  a  gyrotron  tube  comprises 


seven  mirrors.  OsciUated  wave  of  170  GHz  TE31,8  mode 
was  transformed  into  a  wave-beam  by  a  dimple  mode 
converter  [2],  and  focused  by  a  parabola  mirror  Ml.  Four 
phase-correction  mirrors  M2-M5  split  the  wave-beam  into  two 
flattened  circular  beams  at  the  position  of  two  output  windows 
of  a  gyrotron.  Mirror  M6  is  a  flat  mirror.  Mirror  M7  is  a 
paraboia  mirror  which  adjusts  wave-beam  size.  The 
combiner  outside  the  tube  comprises  four  mirrors.  Mirror 
M8  is  a  parabola  mirror  which  adjusts  wave-beam  size. 
Three  phase-correction  mirrors  M9-M11  combine  the  two 
flattened  circular  wave-beams  into  one  beam  at  the  position  of 
a  corrugated  waveguide. 

Fig.  2  shows  the  calculated  power  distributions  at  the 
position  of  the  splitter  output  end  where  two  output  windows 
will  be  placed.  Fig.  3  shows  the  calculated  power 
distributions  at  the  position  of  the  combiner  output  end  where 
a  corrugated  waveguide  will  be  placed.  Contour  lines  are 
drawn  every  1/10  of  the  peak  power  density  in  the  linear  scale. 
Peak  power  density  at  the  position  of  the  windows  was 
calculated  to  be  0.18  times  that  of  one  Gaussian  beam  of 
35mm  spot  size.  Transmission  efficiencies  at  the  position  of 
the  windows  and  the  corrugated  waveguide  were  calculated  to 
be  89.3  %  and  82.3  %  respectively.  The  HEl  1  mode  purity 
was  calculated  to  be  99.2  %.  Thus  the  170GHz  TE3 1,8  mode 
wave  can  be  split  into  two  flattened  circular  beams  and 
combined  into  one  HEl  1-like  beam. 

Cold  test  results  (for  110GHz) 

A  millimeter  wave-beam  splitter  and  a  combiner  were 
designed  and  manufactured  for  the  TE22,6  mode  at  a 
frequency  of  1 10  GHz,  which  is  suitable  for  the  existing  cold 
test  stand.  The  mirror  size  and  arrangement  were  designed  to 
be  the  same  as  those  for  170GHz  wave,  so  that  a  part  of  the 
equipment  (base,  mirror  holders,  parabola  mirrors)  could  be 
used  for  170GHz  cold  test.  Wave-beam  profile  at  the 
position  of  the  spiitter  output  end  and  the  combiner  output  end 
were  detected  by  a  crystal  detector  swept  by  a  computer 
controlled  X-Y  table. 
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Rg.  4  and  Fig.  5  show  the  calculated  and  measured  power 
distributions  at  the  position  of  the  splitter  output  end.  Rg.  6 
shows  the  calculated  and  measured  power  distribution  at  the 
combiner  output  end.  Measured  wave  profiles  w^e  in  good 
agreement  with  calculations,  and  no  spurious  wave-beam  was 
observed  around  the  mirrors.  The  TE22,6  mode  wave  was 
thus  efficiently  transformed  into  a  pair  of  circular  beams  and 
then  combined  to  one  beam. 

Conclusions 

A  millimeter  wave-beam  splitter  and  a  combiner  were 
tested  for  the  TE22,6  mode  at  a  frequency  of  110  GHz. 
Measured  wave  profiles  at  the  positions  of  output  end  of  the 
splitter  and  the  combiner  were  in  good  agreement  with 
(Calculations.  Thus  it  is  shown  that  a  millimeter  wave-beam 
can  be  split  into  two  flattened  wave-beams  and  combined  into 
one  beam. 

By  dividing  and  flattening  the  output  power  with  this 
splitter,  the  heat  load  of  gyrotron  output  windows  can  be 
reduced,  and  by  combining  the  two  output  beams,  the  cost  of 
transmission  lines  can  be  reduced. 
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Rg.  1  Schematic  diagram  of  millimeter  wave-beam 
splitter  and  combiner 


Rg.  2  Calculated  power  distributions  at  the  position  of 
the  two  windows  for  the  1 70  GHz  wave 


Rg.  3  Calculated  power  distributions  at  the  posHion  of 
the  corrugated  waveguide  for  the  170  GHz  wave 
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Rg.  4  Calculated  power  distributions  at  the  position  of 
the  splitter  output  end  for  the  1 10  GHz  wave 
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Fig.  5  Measured  power  distributions  at  the  position  of 
the  splitter  output  end  for  the  1 1 0  GHz  wave 
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Fig.  6  Power  distributions  at  the  position  of  the 
combiner  output  end  for  the  110  GHz  wave 
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Abstract 

To  generate  and  transport  high  power  micro-  and  millimeter- 
waves,  highly  oversized  waveguide  components  have  to  be 
used.  For  the  verification  of  their  performance  in  cold-test 
measurements,  analyzing  systems  covering  a  large  dynamic 
range  (>  100  dB)  are  needed.  This  paper  describes  the 
realization  of  a  new  vector  network  analyzer  (f  =  110  GHz  to 
170  GHz)  covering  the  requirements  mentioned  above.  The 
analyzing  system  will  be  applied  to  measurements  on  a  low 
power  TE75  2  mode  generator  and  a  TE.28,i6 "  to  -TE4.76.2  mode 
converter  for  a  1.5  MW,  140  GHz  coaxial  cavity  gyrotron. 

Introduction 

High  power  gyrotrons  are  nowadays  usually  equipped  with  a 
quasi-optical  mode  converter  system.  By  converting  the 
operating  high  order  TE  cavity  mode  into  a  defined  free-space 
distribution  the  influence  of  the  required  vacuum  barrier 
window  on  the  gyrotron’s  oscillation  behavior  can  be  reduced. 
For  low-loss  energy  transportation  either  in  corrugated  HEn- 
waveguides  or  in  quasi-optical  mirror  lines  a  fondamental 
Gaussian  beam  is  preferred.  To  decrease  the  Ohmic  loading  on 
the  cavity  wall  and  to  maximize  the  achievable  millimeter- 
wave  power  it  is  necessary  to  operate  at  extremely  high-order 
modes.  To  separate  the  problem  for  the  most  efficient  power 
output  coupling  from  the  demand  for  a  high  beam  quality, 
currently  the  use  of  phase-correcting  mirrors  outside  the 
gyrotron  is  under  investigation.  This  results  in  increasing 
requirements  on  the  used  test  facilities.  For  cold  test 
measurements  the  gyrotron  cavity  mode  can  be  excited  by 
mode  generators  applying  quasi-optical  techniques  [1],  [2]. 
With  respect  to  the  achievable  mode  purity  this  high-order 
modes  together  with  the  high  frequencies  (170  GHz  planned 
for  ITER  plasma  heating)  lead  to  extreme  requirements  on  the 
mechanical  precision  in  fabricating  the  mode  generator.  One 
possibility  to  overcome  these  mechanical  restrictions  is  a  more 
complicated  design.  In  our  case  we  prefer  a  detailed  analysis 
of  the  excited  mode  spectrum.  By  knowing  the  magnitude  and 
phase  of  the  disturbing  competitors  their  influence  on  the 
measured  field  patterns  can  be  removed  by  calculation. 

A  standard  method  for  analyzing  the  wavenumber  spectrum 
are  k-spectrometer  measurements  [3].  Due  to  the  low  coupling 
characteristics  of  this  device,  analyzing  systems  covering  a 
large  dynamic  range  are  needed. 


The  D-Band  vector  network  analyzer 

Figure  1  shows  a  schematic  drawing  of  the  new  homemade  D- 
band  vector  network  analyzer.  At  the  desired  frequency  range 
from  110  GHz  to  170  GHz  powerful  narrow-band  signal 
sources  are  of  special  interest.  Therefore  a  backward-wave 
oscillator  (BWO)  has  been  frequency  stabilized  by  installing  a 
phase  locked  loop  (PLL)  circuit.  By  this  way  the  BWO’s 
output  frequency  (8  MHz  bandwidth  unstabilized)  could  be 
phase  locked  to  a  10  MHz  quartz  reference  with  a  line  width  of 
less  than  10  Hz!  In  order  to  achieve  a  narrow  bandwidth  and 
by  this  way  an  extremely  low  noise  level  (-130  dBm)  a  multi¬ 
stage  super-hed  receiver  was  built.  To  be  able  to  determine 
the  phase  shift  caused  by  the  device  under  test  (DUT)  the 
required  frequencies  for  down  conversion  are  also  derived 
from  the  quartz  reference.  By  using  the  stabilized  BWO  for  the 
transmitting  part  of  the  vector  network  analy2jer  its  dynamic 
range  is  extended  to  more  than  1 10  dB. 


P  =  lOdBm 
f  =  110...170GH2 


Fig.  1:  Schematic  drawing  of  the  vector  network  analyzer. 

Figure  2  shows  a  typical  vector  k-spectrometer  measurement 
performed  on  a  TE+75  2  low  power-mode  generator.  One  has  to 
take  into  account  that  the  coupling  attenuation  (generator 
losses  and  k-spectromeler  coupling)  has  been  approximately 
85  dB.  As  it  can  be  seen  in  the  lower  part  of  the  figure  for  each 
mode  also  the  phase  information  could  be  determined. 
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Fig.  2:  Vector  k-spectrometer  measurement  of  TE76,2  generator. 

Measurements  on  the  TEo6;z  mode  generator 

For  testing  the  dual-beam  output  coupling  system  for  the  RF 
power  of  the  FZK  140  GHz,  1.5  MW  coaxial  gyrotron  [4]  a 
low-power  mode  generator  for  a  rotating  TE+76,2  mode  has 
been  built  up.  The  wavenumber  spectrum  of  this  generator  is 
shown  in  Figure  3.  In  contrast  to  the  measurement  shown  in 
Figure  2  a  more  careful  alignment  had  been  performed. 


angle  n 


Fig.  3:  k-spectrometer  measurement  of  TE<.76.2  generator. 

As  it  can  be  seen  the  main  content  of  RF  power  is  radiated 
under  an  angle  of  58.3®  to  the  axis  of  the  k-spectrometer 
waveguide.  This  angle  corresponds  to  the  TE76,2  mode 
propagating  at  140  GHz  in  a  70  mm  diameter  waveguide. 
Unfortunately  the  spectrum  shows  two  undesired  competitors 
at  57.4®  and  58.8°  which  have  been  identified  to  be  the  TE83,i 
and  TE71.3  mode  respectively.  Taking  the  different  k- 
spectrometer  coupling  attenuation  factors  into  account  the 
suppressions  of  the  modes  TE83,i  and  TE7i,3  have  been 
determined  to  be  16  dB  and  11.5  dB.  By  rotating  the  k- 
spectrometer  around  its  waveguide  axis  the  content  of  the 
counter  rotating  TE.76.2  mode  was  determined  to  be  4  %. 


The  overall  mode  purity  of  the  desired  TE+76.2  mode  is 
approximately  88  %. 

The  TE.28,16  -  to  -TE+76,2  mode  converter 

In  the  coaxial  gyrotron  the  needed  TE+76.2  mode  for  the  dual 
beam  output  is  achieved  by  conversion  from  the  TE.28,i6 
gyrotron  cavity  mode  [5].  To  check  the  proper  behavior  of  the 
required  converter  (104  axial  slots  in  the  waveguide  wall)  the 
system  was  operated  in  the  reverse  way.  This  means  that  the 
TE+76.2  mode  was  fed  into  the  converter  .  The  measured  field 
pattern  at  the  converter  output  (input)  is  shown  in  Figure  4.  It 
is  obvious  that  the  pattern  shows  a  rather  high  content  of  the 
desired  TE28,i6  mode.  This  is  in  agreement  with  k-spectrometer 
measurements  which  also  had  been  performed. 


Fig.  4:  Measured  field  pattern  of  TE28.16  mode. 
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Abstract  iterative  calculations  [5].  To  improve  accuracy  in  the 

determination  of  the  phase  profile,  furthermore,  the  waves 


The  flattened  output  wave  of  a  168-GHz  gyrotron 
was  reshaped  into  the  HEl  1  mode  using  an  external  matching 
box  (MBOX)  comprising  phase-correction  mirrors.  The 
power  and  phase  profiles  of  the  wave  were  determined  before 
and  after  the  MBOX  firom  power  profile  measurement  at  multi 
cross  sections.  The  power  levels  of  the  gyrotron  operation 
were  250  kW.  R-om  the  power  and  phase  profiles  of  the 
wave  at  the  MBOX  end,  the  HEl  1  mode  purity  was  estimated 
to  discuss  the  coupling  effidency  of  the  gyrotron  output  with 
the  transmission  line. 


Introduction 

Current  elearon  cyclotron  heating  systems  for 
nuclear  fusion  devices  use,  as  a  wave  source,  high  power 
gyrotrons  with  frequendes  around  170  GHz.  In  the  present 
research  of  high  power  gyrotrons,  the  focus  is  mainly  on  the 
gyrotron  internal  mode  converter  and  mirror  system  that 
transform  the  cavity-generated  wave  into  a  flat  wave  beam  in 
order  to  reduce  the  local  power  density  of  the  wave  at  the 
window  [1, 2, 3]. 

The  wave  power,  generated  by  a  gyrotron,  is 
conveyed  to  a  fusion  device  which  is  typically  placed  at  a 
distance  of  about  100  m.  The  gyrotron  output,  therefore, 
must  be  highly  coupled  with  corrugated  waveguides  which  are 
the  main  component  of  the  transmission  line.  In  order  for 
the  flattened  output  to  highly  couple  with  corrugated 
waveguides,  a  matching  box  (MBOX)  comprising  plural 
phase-correction  mirrors  is  placed  outside  the  gyrotron  to 
reconvert  the  flattened  output  into  the  HEl  1  mode,  a  basic 
transmitting  mode  in  corrugated  waveguides  [4]. 

This  paper  deals  with  experimental  results  of  168- 
GHz  gyrotron  internal  and  external  mirror  systems.  Both  the 
power  and  phase  profiles  of  the  gyrotron-generated  wave  were 
determined  at  the  gyrotron  window  and  the  MBOX  end  from 
power  profile  measurement  at  multi  cross  sections  combined 


with  the  measured  power-  and  calculated  phase-profiles  at  the 
four  positions  were  averaged. 

In  the  following  sections  we  will  describe  the  power 
and  phase  profile  measurement  of  the  gyrotron  output  wave  at 
the  gyrotron  window  and  MBOX  end  positions,  including  the 
averaging  process  which  improves  the  accuracy  of  the  wave 
measurement.  We  will  also  discuss  HE  1 1  mode  purity  of  the 
reconverted  wave. 

Wave  measurement  at  the  gyrotron  window 

Fig.  1  shows  a  schematic  of  the  gyrotron  system 
comprising  a  gyrotron  and  a  matching  box  (denoted  as 
MBOX).  The  gyrotron  cavity  generates  a  wave  in  the 
TE3 1 ,8  mode  at  a  frequency  of  168  GHz.  The  wave  is,  then, 
radiated  by  the  internal  single-helical  mode  converter,  and  is 
transformed  into  a  flat  wave  beam  with  a  diameter  of  120  mm 
by  the  internal  mirror  system  comprising  flat  and  shaping 
mirrors.  The  flattened  output  is  directed  into  the  MBOX 
placed  outside  the  gyrotron.  The  shaping-mirrors  of  the 
MBOX  are  designed  to  convert  the  idealiy-flat  wave  beam  into 
the  HEll  mode,  a  basic  transmitting  mode  in  corrugated 
waveguides.  To  the  end  of  the  MBOX  is  attached  a 
corrugated  waveguide  with  an  inner  diameter  of  88.9  mm, 
which  guides  the  wave  to  the  transmission  line.  The 
flattened  output  of  the  gyrotron  is,  thus,  transformed  into  the 
HEl  1  mode,  and  is  direaed  into  the  transmission  line. 

Power  profile  measurement  was  first  done  at  the 
gyrotron  window.  A  paper  screen  was  placed  perpendicular 
to  the  wave-beam  axis.  The  power  density  profile  of  the 
wave  is  measured  by  a  thermo-camera  as  the  profile  of 
temperature  rise  in  the  screen.  At  four  distances  from  the 
gyrotron  window  with  an  interval  of  200  mm,  the  power 
profiles  of  the  gyrotron  output  wave  were  measured.  The 
power  levels  of  the  wave  beam  were  between  250  -  300  kW. 
The  phase  profiles  at  the  four  cross  sections  were 
reconstruaed  by  iterative  calculations  according  to  Ref.  [5]. 
In  addition  to  the  referenced  procedure,  we  try  to  average 
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these  four  waves  in  order  to  inq)rove  accuracy  in  the  phase 
reconstruction.  The  waves  with  measured  power-  and 
reconstructed  phase-profiles  at  the  second,  third,  and  fourth 
cross  sections  are  transmitted  to  the  first  cross  section, 
respectively,  and  are  averaged  there.  Mathematically, 
averaging  can  be  done  at  any  ctoss  section  to  result  in  a  single 
wave.  The  square  overlap  integrals  (see  Ref.  [5])  of  the 
resulting  single  wave  and  the  measured  power  profiles  at  the 
corresponding  distances  were  all  greater  than  99.5%.  It 
should  be  noted  that  averaging  the  waves  measured  and 
calculated  at  more  than  four  ctoss  sections  will  improve 
accuracy  in  the  phase  profile  measurement  even  more. 

While  several  peakings  exist,  the  power  profile  of 
the  obtained  wave  is  rather  flat.  Concerning  the  phase,  the 
phase  in  the  window  equivalent  area  ((|)140  mm)  shows  a 
small  variation  with  a  standard  deviation  of  idi. 

Wave  measurement  at  the  MBOX  end 

The  gyrotron  output  wave  was  directed  into  the 
MBOX,  which  converts  the  output  into  the  HEl  1  mode  at  the 
MBOX  end.  Here,  wave  profile  measurement  was  also  done 
using  a  thermo-camera  at  four  cross  sections  with  an  interval 
of  2(X3  mm.  The  resulting  wave  beam,  after  phase- 
reconstruction  and  averaging,  is  shown  in  fig.  2  ^ower 
profile)  and  fig.  3  (phase  profile),  where  the  profiles  are 
displayed  within  a  88.9-mm-dianKter  drde.  The  square 
overlap  integrals  of  the  resulting  wave  and  the  measured 
power  profiles  at  the  corresponding  positions  were  97  -  99%. 
This  wave  contained  an  HEl  1  mode  purity  of  87%. 

The  wave  power  at  the  MBOX  end  was  also 
measured  via  a  1-m-long,  88.9-mm-diameter  corrugated 
waveguide  placed  between  the  MBOX  and  the  dummy  load. 
The  measured  power  transmission  effidency  of  the  MBOX 
was  87%.  The  measurement  shows  that  76%  of  the  gyrotron 
output  was  direaed  into  the  corrugated  waveguide  as  the 
HEl  1  mode. 

Conclusions 

Both  the  power  and  phase  profiles  of  a  168-GHz 
gyrotron  output  wave  were  examined.  The  wave 
measurement  was  conduaed  at  the  gyrotron  window  and  the 
MBOX  end.  A  well-flattened  wave  beam  was  obtained  at  the 
window  position.  Moreover,  the  wave  profile  measured  at 
the  MBOX  end  contained  an  HEll  mode  purity  of  87%;  the 
measured  power  transmission  effidency  cf  the  MBOX  was 
87%.  Thus,  76%  of  the  gyrotron  output  was  coupled  with  the 
corrugated  waveguide  in  the  HEl  1  mode. 
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fig.2  Power  profile  at  MBOX  end. 


fig.  3  Phase  profile  at  MBOX  end. 
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Abstract 

The  design  of  a  quasi  optical  mode  converter  for  the  extreme 
volume  mode  TEai^r  is  described.  It  is  the  operating  mode  of  a 
1.5  MW,  165  GHz  coaxial  cavity  gyrotron  to  be  built.  The  goal 
is  to  launch  the  operating  mode  directly  in  order  to  keep  the  con¬ 
verter  short  and  the  conversion  losses  and  ohmic  losses  low.  Due 
to  the  large  azimuthal  angle  of  this  mode,  the  design  is  based  on 
a  hybrid  geometrical  optical  and  physical  optical  technique. 

Choice  of  the  Converter  Principle 

The  common  principle  for  launching  a  gaussian  like  beam  from 
a  waveguide  cut  is  the  dimple  wall  converter.  It  provokes  a  res¬ 
onant  [1]  eigenmode  change  in  the  waveguide  before  launching 
the  beam.  For  the  TE31J7  mode  this  can  be  easily  achieved  for 
a  pentagram  like  ray  structure  (Am  =  5)  which  is  well  suited 
for  a  double  beam  launcher. 

For  a  single  beam  launcher,  the  large  spread  angle  (20  = 
140°)  cannot  be  transformed  into  a  small  one  with  a  short  con¬ 
verter  and  the  mode  TE3147  as  the  main  mode.  Since  a  dimple 
wall  launcher  has  only  little  advantage  in  this  case,  an  ordinary 
Vlasov  launcher  is  used  and  the  transformation  of  the  strongly 
divergent  beam  into  a  paraxial  one  is  done  by  means  of  spe¬ 
cific  mirrors.  This  transformation  requires  either  a  few  weakly 
curved  mirrors  [2]  or  one  strongly  curved  mirror. 


physical  optics  and  with  geometrical  optics  in  the  input  plane  of 
the  quasi  parabolic  mirror. 

.  The  good  argeement  (except  from  the  fine  structure)  comes 
from  the  high  Fresnel  number  (N  «  140).  Because  of  the 
strong  curvature  and  the  large  longitudinal  extent  of  the  mirror, 
it  should  not  be  considered  as  a  phase  corrector  and  it  corre¬ 
sponds  rather  to  a  thick  lens. 


Figure  1 :  GO  (left)  and  PO  (right)  Output  of  the  Vlasov 
Launcher 


In  the  gyrotron  vacuum  vessel  space  is  limited,  therefore  the 
second  solution  is  chosen.  The  strongly  curved  mirror,  how¬ 
ever,  cannot  be  considered  as  a  phase  corrector  in  the  sense  of  a 
thin  lens  and  must  be  designed  by  means  of  geometrical  optics. 
Here  the  Vlasov  converter  has  the  advantage  that  it  can  be  eas¬ 
ily  analysed  with  geometrical  optics.  Figure  1  shows  the  output 
of  the  Vlasov  converter  calculated  with  the  Bessel  function  and 


Therefore  the  output  of  the  mirror  is  calculated  with  geometri¬ 
cal  optics  in  the  same  aperture  as  the  input  (Figure  2).  From 
here,  we  have  a  paraxial  beam  and  can  continue  with  physical 
optics.  Figure  3  shows  the  final  setup.  A  second  (“turning”) 
mirror  directs  the  beam  out  of  the  gyrotron  window. 


Figure  3: 
Setup  of  the 
Quasi  Opti¬ 
cal  Mode 
Converter 
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Design  of  the  Second  Mirror 

The  turning  mirror  is  designed  by  means  of  the  well  known  er¬ 
ror  reduction  algorithm  [3].  For  technical  reasons,  the  gyrotron 
window  is  off  axis.  Therefore  it  must  be  turned  around  two 
axes.  Since  the  beam  has  a  large  transverse  extent  and  a  large 
tilt  angle,  it  is  desirable  to  use  the  field  in  the  mirror  plane  for 
the  synthesis  instead  of  the  perpendicular  lens  approximation. 
This  is  achieved  with  a  new  propagadon  formula  which  allows 
the  source  as  well  as  the  target  aperture  to  be  rotated  around  all 
three  axes.  For  the  forward  transform  we  get  in  spectral  domain 

uu\f\d)  = 

and  for  the  backward  transform 
U{f\f\0)  = 

Here,  a  and  b  are  the  turning  dyads  of  the  source  and  the  tar¬ 
get  aperture,  ^  is  the  ramp  function,  d  is  die  distance  between 

the  apertures  and  -  (/^)2  —  (/2)2.  A  detailed 

derivation  of  the  formulae  is  given  in  [4]. 

In  addition,  (1)  allows  to  define  the  target  distribution  on 
a  tilted  mirror.  Applications  in  general  antenna  engineering  or 
optics  suggest  themselves. 


-ISO  -too  -50  0  50  too 
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Figure  3:  Input  Field  on  the  2nd  Mirror 

The  design  goal  for  the  second  mirror  is  a  homogeneous 
field  distribution  on  the  window  on  the  one  hand  and  a  high 
gaussian  content  at  some  distance  after  the  window  on  the  other 
hand.  Since  the  input  field  (see  Figure  3)  is  already  relatively 
homogeneous,  both  goals  can  be  achieved  with  this  mirror  (Fig¬ 
ure  4).  At  the  position  with  the  highest  gaussian  amplitude  con¬ 
tent,  another  phase  correcting  mirror  will  be  placed. 


Figure  4:  Field  Distribution  on  the  Window  (left) 
and  40cm  behind  the  Window  (right) 


Because  of  mechanical  tolerances  and  the  geometrical  opti¬ 
cal  approximation  on  the  first  mirror,  the  real  field  distribution 
will  not  be  as  gaussian  as  in  Figure  4.  Therefore  after  the  manu¬ 
facture  of  the  gyrotron  the  beam  will  be  reconstructed  by  means 
of  the  eiTor  reduction  algorithm  [3]  using  (1)  for  oblique  view 
angle  correction.  Then  a  pair  of  two  phase  correcting  mirrors 
will  be  placed  at  the  position  with  the  highest  gaussian  content 
in  order  to  match  the  beam  to  a  standard  transmission  line  with 
elliptical  mirrors  or  a  corrugated  waveguide. 

The  actual  problem  in  the  design  of  phase  correcting  mir¬ 
rors  is  the  unwrapping  of  the  phase  corrector  in  order  to  get  a 
smooth  miiTor  surface.  However,  in  most  cases  this  is  an  ill- 
posed  problem  and  an  exact  unwrapping  without  phase  jumps  is 
not  possible. 


Figure  5:  Contour  of  the  Second  Mirror 


To  overcome  this  problem,  a  new  pathless  algorithm  was 
developed  which  always  produces  a  smooth  surface  (Figure  5), 
For  ill-posed  problems  it  yields  a  least  squares  solution  (as  a  side 
effect,  this  is  good  for  compensating  noise)  and  for  well-posed 
problems  it  yields  the  exact  unwrapped  phase  corrector.  Hence, 
the  algorithm  is  also  interesting  for  interferometry.  A  detailed 
description  is  published  in  [4]. 
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Abstract 

A  waveguide  mode  conversion  and  transmission  system  is  being 
developed  at  the  University  of  Wisconsin  Torsatron/Stellarator 
Laboratory  for  a  200  kW  gyrotron  for  use  with  the  Helically 
Symmetric  Experiment  (HSX)  stellarator.  This  paper  r^iorts  on 
the  specific  system  components.  Although  the  system  discussed 
here  and  some  of  the  components  have  been  presented  previously 
in  the  literature,  some  new  design  considerations  will  be 
discussed.  In  particular,  some  new  aspecu  of  the  design  of  a 
TE„-to-TE„  mode  converter  will  be  presented. 

Introduction 

The  HSX  device  rep-esents  a  hybrid  of  the  tokamak  and 
stellarator  concepts,  combining  the  good  single  particle 
confinement  and  neoclassical  transport  of  the  tokamak  with  the 
external  poloidal  field  generation  in  the  stellarator  [1].  To  test  the 
neoclassical  properties  of  HSX  and  its  alternate  configurations  in 
die  low  collisionary  regime,  the  plasma  will  be  heated  with  a  200 
kW  gyrotron  at  28  GHz  to  create  a  hot  electron  plasma  at  low  to 
moderate  densities. 

Transmission  Line 

To  obtain  a  symmetric,  narrow  Gaussian  beam,  for  efficient 
plasma  heating,  the  following  mode  conversion  sequence  is  used; 
TE„  —*  TE,,  -♦  TE„  -♦  HE,,  (2),  [3].  The  actual  layout  of  the 
transmission  line  is  illustrated  in  Fig.  1.  The  gyroton’s  output  is 
a  circular  waveguide  2.5  inches  in  diameter.  However,  this 
waveguide  size  is  tapered  down  to  1.875  inches.  The  line  will  not 
be  evacuated,  however,  it  will  be  purged  with  gas. 

The  TEjj-to-TE,,  mode  converter  is  a  three  cycle  quasi  periodic 
component  [4]  with  a  total  length  of  43  cm  and  a  computed  mode 
purity  above  99%.  The  maximum  angle  between  the  wall  and  the 
waveguide  axis  is  8  degrees. 

TheTE„-to-TE„  mode  convener  is  a  three-cycle  quasi-periodic 
component  A  mode  convener  was  initially  designed  with  a  99% 
efficiency  where  only  the  following  eight  modes  were  included 
as  is  normally  done  in  the  literature  [3]:  TEj,,  TE,,,  TE,„  TE,j, 
TEj,,  TEjj,  TM,„  and  TMj,.  However  by  c^culating  the  term 
*^/(Pr  Pj).  where  and  p,-  p^  are  respectively  the  coupling  and 
the  phase  constant  difference  between  i  and  j  modes,  we  realized 


that  TM,2  and  TMjj  are  also  strongly  coupled.  The  mode  purity 
dropped  to  78%  when  these  two  modes  were  included  in  the 
coupled  mode  equations  in  addition  to  the  eight  modes  mentioned 
earlier.  The  power  coupled  into  the  11^  mode  is  mainly 
transferred  from  the  TMjj  mode.  In  the  design  process  we  thus 
have  to  include  all  ten  modes  above.  Tbe  strong  effea  of  the 
TM,j  and  TMjj  modes  is  due  to  the  relatively  large  waveguide 
curvature  which  is  unavoidable  in  the  design  of  shorter  mode 
converters,  A  mode  converter  was  designed  with  a  mode  purity 
of  99.2%  with  all  ten  modes  included.  The  mode  purity  dropped 
only  to  97.7%  when  we  included  25  more  modes  (all  p-opagating 
TE  and  TM  modes  with  azimuthal  index  up  to  5;  not  including 
the  TM„  modes  since  they  are  not  coupled).  The  total  length  of 
the  mode  converter  is  1 20  cm.  The  maximum  angle  between  the 
wall  and  the  waveguide  axis  is  2  degrees  and  the  smallest  radius 
of  curvature  is  50  cm.  These  values  guaramee  that  the  device  is 
within  the  validity  of  the  coupled  mode  equations  which  are 
accurate  only  for  slowly-varying  ctoss  sections.  Although  the 
input  and  ouqjut  ports  are  parallel  to  the  guide  axis,  there  is  about 
0.6  cm  vertical  misalignment  between  them.  The  calculated 
power  in  the  TE„  mode  and  the  imwanted  modes  with 
^preciable  power  along  the  mode  converter  are  plotted  in  Rg.  2. 

The  slot  depth  profile  of  the  TE„-to-HE„  mode  converter  follows 
a  4th  order  polynomial  function  [5].  The  length  of  the  mode 
converter  is  22.3  cm  which  is  about  half  a  beat-wavelength 
between  the  TE,,  and  TM,,  modes.  The  slot  and  tooth  widths  are 
3  mm.  The  mode  compositions  of  the  TE„  and  TM„  modes  at 
the  output  are  87%  and  12%  respectively.  The  input  reflection  is 
-39  dB,  the  side  lobe  level  is  -25  dB,  and  the  maximum  cross 
polarization  is  -32  dB. 

The  conversion  efficiency  of  these  components  drops  for 
r^domly  generated  smooth  perturbation  to  the  designed  pofiles 
simulating  possible  machining  errors.  The  conversion  efficiency 
of  the  TE„-to-TE„  mode  converter  dropped  2%  for  such  a 
smoothed  random  error  perturbation  with  a  maximum  deviation 
of  5  mils.  The  conversion  efficiency  dropped  only  0.1  %  for  the 
TEgj-to-TEj,  converter.  The  TEj,-to-TE,,  converter  is  more 
sensitive  to  machimng  errors  since  here  the  coupling  coefficients 
depend  on  the  second  derivative  of  wall  profile  while  for  the 
TE^-to-TEj,  converter  the  coupling  coefficient  is  only 
proportional  to  the  first  derivative.  The  conversion  efficiency  of 
the  TE„-to-HE„  converter  dropped  about  1%  for  randomly 
changing  the  depth  and  width  of  the  corrugations  and  teeth  with 
a  maximum  deviation  of  5  mils,  while  the  input  reflection 
increased  to  -27  dB. 
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A  refleaor  antenna  will  be  used  to  focus  the  beam  on  the  center 
of  plasma.  The  wall  profiles  of  the  smooth-wall  mode  converters 
were  optimized  for  highest  efficiency  by  using  an  optimization 
code  developed  at  the  University  of  Wisconsin  [6].  Computer- 
aided  optimization  of  the  corrugated-wall  converter  was  achieved 
by  a  scattering  matrix  code  irovided  by  Dan  Hoppe  (now  at 
Hughes  Space  and  Communication  <^.)  [7].  The  mode 
converters  are  being  fabricated  and  will  be  tested  at  low  power 
using  a  radiation  pattern  measurement  technique. 
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Fig.  2.  Calculated  power  in  desired  mode  and  unwanted  modes 
with  appreciable  power  along  the  TE„-to-TE„  mode  converter. 


Fift  L  schenatic  diagram  of  a  28  GHz  transmission  line  for  TSL  at  UV-Madlson 
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Abstract 

Helically  cut  quasi-optical  aperture  antennas  with  feed  waveg¬ 
uide  deformations  based  on  the  in-waveguide-mirror  approach 
have  been  improved.  The  focusing  in  azimuthal  and  axial  di¬ 
rection  is  no  longer  separated  but  combined.  The  design  and 
analysis  principles  are  discussed.  An  experiment  is  under  prepa¬ 
ration. 

Introduction 

In  recent  years  progress  has  been  made  to  improve  the  conver¬ 
sion  efficiency  of  the  high  order  rotating  gyrotron  cavity  mode 
into  the  fundamental  TEMofi  free  space  Gaussian  beam  [1], 
[2],  [6]  with  the  typical  arrangement  of  a  helically  cut  aperture 
antenna  serving  as  launcher  and  a  series  of  typically  two  or  three 
reflectors.  [1],  [2]  treat  the  improvement  of  the  field  distribution 
inside  the  launcher,  whereas  in  [6]  the  beam  radiated  from  the 
simple  helically  cut  launcher  is  profile  shaped  by  means  of  re¬ 
flectors  of  non  quadratic  shape. 

Most  developed  and  experimentally  verified  is  the  dimpled 
wall  in-waveguide  conversion  principle  proposed  in  [1]  also 
known  as  Denisov  type  converter,  which  for  example  has  been 
successfully  applied  in  a  118  GHz  TE22.6  mode  gyrotron  [3]. 
This  type  of  converter  requires  an  input  mode  which  is  repre¬ 
sented  by  g.o.  rays  that  have  an  integer  number  of  reflections 
as  they  complete  one  turn  which  strongly  limits  the  choice  of 
the  cavity  modes.  However,  as  gyrotrons  are  required  to  de¬ 
liver  higher  power  at  raising  frequencies  the  need  occurs  to  also 
increase  the  indices  of  the  operating  cavity  mode  where  any  lim¬ 
itation  in  the  choice  of  this  mode  due  to  converter  requirements 
is  undesired. 

To  overcome  these  problems  a  different  approach  has  been 
presented  first  in  [2].  The  deformation  of  the  segments  is  cal¬ 
culated  by  means  of  the  g.o.  representation  of  rotating  TEmn 
modes.  For  a  first  proof  of  principle  experiment  a  converter 
based  on  this  idea  has  been  designed,  fabricated  and  tested.  The 
input  mode  was  the  T’jE^2.6  mode  at  140  GHz.  The  focusing  in 
axial  and  azimuthal  direction  has  been  separated.  The  azimuthal 
focusing  has  been  performed  by  means  of  two  segments  fol¬ 
lowed  by  a  focusing  section  in  axial  direction.  Numerical  sim¬ 
ulations  showed  that  the  axial  focusing  section  partially  spoiled 
the  azimuthal  focusing.  In  cold  test  experiments  this  lead  to  an 
overall  efficiency  down  to  about  85%.  After  being  integrated 
into  the  T £22,6  mode  tube  [4]  a  hot  test  showed  a  Significantly 
lower  output  power  than  it  has  been  the  case  for  the  same  tube 
with  a  simple  Vlasov  converter.  Several  attempts  were  made 


to  explain  this  unexpected  result.  The  answer  was  found  when 
in  a  PHD  Thesis  a  self-consistent  mode  competition  program 
has  been  written  [5].  It  was  stated  that  a  reflection  of  4  %  of 
the  power  of  the  counter  rotating  mode  excited  spuriously  in  the 
cavity  will  lead  to  this  drop  of  efficiency  of  the  interaction  in  the 
cavity.  By  means  of  a  k-spectrometer  and  modifying  the  mode 
generator  this  amount  of  reflection  of  the  power  of  the  counter 
rotating  mode  has  been  verified  experimentally.  It  has  been  due 
to  the  fact  that  this  launcher  was  optimized  for  the  co-rotating 
mode  exclusively.  The  knowledge  of  this  behavior  lead  to  the 
additional  requirement  of  low  back  reflection  into  the  cavity  for 
both  the  rotating  and  the  counter-rotating  mode. 

Theory 

A  rotating  TE^n  mode  propagating  in  a  circular  waveguide  of 
radius  can  be  represented  by  means  of  g.  o.  rays  forming  a 
caustic  at  the  radius 

i?c=^iC 

•A-mn 

with  Xmn  being  the  eigenvalue  of  the  mode.  This  representa¬ 
tion  allows  a  circular  waveguide  to  be  considered  as  a  series  of 
mirror  segments  of  parallelogram  shape  of  the  transverse  size 
2R^(j)  with 

-1  rn 

<f>  -  cos  ^  - - 

-Amn 

and  the  hight 

Lc  =  27rR^tane^ 

For  a  helically  cut  antenna  the  field  distribution  of  the  last 
of  these  segments  serves  as  current  sheet  of  the  aperture.  To  be 
able  to  launch  a  side-lobe  free  Gaussian  beam,  the  aperture  dis¬ 
tribution  has  to  be  tailored  such  that  it  is  Gaussian  like.  This  is 
achieved  by  deforming  the  waveguide  such  that  the  density  of 
the  g.o.  rays  representing  the  rotating  mode  is  modified  from 
initially  constant  to  Gaussian  like.  More  about  the  theory,  the 
method  of  caustic  transformation,  the  equations  as  well  as  the 
design  procedure  can  be  found  in  [2]. 

Design 

To  calculate  the  deformations  the  focusing  in  axial  and  az¬ 
imuthal  direction  is  separated.  To  obtain  segments  that  simul¬ 
taneously  perform  focusing  in  both  directions  on  first  glance 
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would  make  it  necessary  to  simply  multiply  the  deformation 
depths.  The  problem  however  is  that  the  focusing  in  azimuthal 
direction  leads  to  having  first  a  section  with  a  mirror  bent  in¬ 
wards  and  then  an  outward  bent  mirror  whereas  for  the  axial 
direction  this  has  to  be  reverse  first  an  outwards  bent  mirror  fol¬ 
lowed  by  an  inwards  bent  section.  The  combination  can  not  be 
achieved  by  simply  multiplying. 

The  way  out  is  the  following:  The  two  segments  focusing 
in  azimuthal  direction  are  interchanged.  This  no  longer  leads 
to  maxima  at  the  center  but  at  the  sides  of  the  segments.  Since 
the  segments  are  joined  there  will  be  no  edge  diffraction.  To 
have  simultaneously  focusing  in  axial  and  azimuthal  direction 
the  deformations  in  both  directions  now  can  be  multiplied.  The 
first  segment  is  bent  outwards,  the  second  segment  is  bent  in¬ 
wards.  This  leads  to  simple  deformations,  where  no  smoothing 
due  to  fabrication  needs  is  necessary.  Since  the  deformations 
are  smooth,  also  the  boundary  lines  of  the  segments  are  not  de¬ 
formed.  This  has  been  different  for  the  first  experiment.  Since 
there  was  no  multiplication  of  the  axial  and  azimuthal  deforma¬ 
tion  there  have  been  sharp  edges  that  only  were  smoothened  due 
to  fabrication  needs.  The  smoothened  but  remaining  edges  were 
the  main  reason  for  the  reflected  power  of  the  counter-rotating 
mode. 

Analysis 

The  validity  of  the  g.o.  design  has  to  be  checked.  This  has  to  be 
done  by  numerical  methods.  Among  the  several  possible  meth¬ 
ods  solving  the  Stratton  -  Chu  equation  is  most  convenient.  This 
is  due  to  the  drawbacks  of  other  methods  as  there  are: 

Modal  analysis:  The  perturbations  are  non-periodic.  To  per¬ 
form  a  modal  analysis  a  harmonic  analysis  of  the  deformations 
has  to  be  made,  leading  to  an  increased  effort. 

Finite  element  methods:  The  size  of  the  deformed  section, 
is  too  big  for  these  numerical  calculations. 

Multiple  Multipoles:  This  method  most  likely  is  appropriate 
as  well,  however  some  uncertainty  lies  in  the  proper  choice  of 
the  multipoles. 

Implementing  the  Stratton  Chu  Formula  leads  to  difficulties 
of  the  proper  choice  of  the  surface  serving  as  current  sheet.  In 
particular  it  is  not  allowed  to  use  one  of  the  mirror  segments  as 
the  current  sheet  and  the  following  segment  as  the  surface  of  in¬ 
terest.  This  is  due  to  the  fact  that  the  reflectors  are  Joined  which 
has  the  consequence  that  the  denominator  of  the  Greens  Func¬ 
tion  will  be  close  to  zero  at  the  Junction  of  the  surfaces.  For  that 
reason  for  each  individual  point  of  interest  the  current  sheet  has 
to  matched  such  that  the  distance  of  its  center  to  the  point  of  in¬ 
terest  is  not  altered.  We  still  have  the  problem  that  the  power  is 
radiated  tangential  to  the  current  sheet  surface,  i.e.  the  distances 
between  the  point  of  interest  and  the  points  on  the  aperture  vary 
considerably  leading  to  numerical  instabilities.  For  that  reason 
the  contribution  of  the  respective  points  on  the  current  sheet  has 
to  be  artificially  weighted.  It  has  to  be  maximum  where  the  con¬ 
tribution  is  assumed  to  be  maximum,  i.e.  the  area  of  stationary 
phase.  With  increasing  distance  from  this  area  the  contribution 
has  to  be  artificially  reduced. 


For  the  practical  implementation  this  optimum  artificial  de¬ 
cay  has  to  be  found.  It  is  has  to  be  done  by  calculating  a  known 
converter.  In  our  case  a  Denisov  type  converter  has  been  cho¬ 
sen  where  the  focusing  can  be  calculated  by  both  methods,  the 
Stratton  -  Chu  formula  and  the  coupling  mode  theory. 

A  TE22fi  Denisov  type  converter  that  has  been  experimen¬ 
tally  tested  with  however  much  weaker  deformations  than  the 
g.o.  designed  converter  has  been  analyzed  by  means  of  cou¬ 
pling  mode  theory  and  compared  to  the  field  distribution  calcu¬ 
lated  by  means  of  the  Stratton  Chu  Formula.  It  turns  out  that  the 
maxima  calculated  by  both  programs  have  the  same  location.  In 
both  cases  these  maxima  are  located  between  the  maxima  of  the 
deformation.  These  calculations  were  used  as  gauge  to  calcu¬ 
late  the  behavior  of  the  new  converter.  If  the  artificial  weighting 
function  is  chosen  to  be  Gaussian,  this  helps  to  find  the  standard 
deviation. 

Experiment 

The  launcher  for  the  experiment  has  four  deformed  inner  seg¬ 
ments.  The  deformations  are  considerably  stronger  than  for  the 
Denisov  type  converter.  The  launcher  is  currently  under  fabri¬ 
cation.  Experimental  results  can  not  be  shown  yet. 
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Abstract 

A  new  compact  and  efficient  transmission  line  from  a 
technological  gyrotron  to  a  microwave  furnace  has  been 
developed.  It  is  based  on  an  improved  quasi*optical 
converter  of  the  gyrotron  operating  mode  into  a  paraxial 
wave  beam.  Results  of  measurements  are  discussed. 


Main  requirements 

Gyrotrons  for  technological  purposes  produce  CW 
microwave  radiation  widi  moderate  power  5-15  kW  at 
frequencies  about  30  GHz.  Such  gyrotrons  typically  operate 
at  the  second  harmonic  of  (^clotron  radiation.  Tlieir 
operating  modes  are  relatively  low  (e.g.  TE02)  and  die 
gyrotrons  are  not  equipped  with  an  internal  mode  converter 
of  the  operating  mode  into  a  paraxial  wave  beam.  Due  to 
this  the  gyrotrons  are  radier  sensitive  to  reflections  from  a 
following  transmission  line.  TTie  distance  from  a 
technological  gyrotron  to  a  microwave  furnace  is  typically 
several  meters  and  includes  one  or  two  bends.  The 
coefficient  of  reflection  from  the  furnace  is  about  tens  of  per 
wnt  and  vary  depending  on  baking  samples.  The  furnace 
input  cross-section  is  significantly  larger  than  the  half  of 
wavelength  (e.g.  30-40  mm)  and  the  radiation  reflected  from 
the  furnace  consists  of  many  modes. 

General  requirements  to  a  technological  transmission  line 
are  as  follows; 

•  High  transmission  coefficient:  desired  value  of  the 
transmission  coefficient  is  higher  than  90%.  The  loss  of 
microwaves  reduces  total  setup  efficiency  and  brings 
more  difficulties  to  transmission  line  cooling. 

•  Elements  which  allow  transmission  of  die  forward  wave 
(from  a  gyrotron  to  a  furnace)  and  strong  attenuation  of 
the  baclward  wave  have  to  be  included  in  the 
transmission  line. 

•  Simple  design  and  performance. 

Scheme  of  the  transmission  line 

The  scheme  chosen  for  investigation  consists  of  a  quasi- 
optical  mode  converter  of  the  gyrotron  operating  mode  into 
a  paraxial  wave  beam  and  a  section  of  mirror  line  (several 
mirrors).  The  last  mirror  focuses  the  wave  beam  on  the  input 
hole  of  the  furnace.  The  line  is  screened  by  a  water  cooled- 
absorber.  The  mirror  line  transmits  with  low  losses  one  (or 


few)  of  its  eipnwayes.  A  circular  waveguide  with  diameter 
40  mm  (typical  diameter  of  furnace  input  hole)  allows 
transmission  of  about  40  waves  at  die  30  GHz  frequency. 
This  means  that  the  radiation  reflected  from  die  furnace  and 
consisted  of  many  modes  (stray  reflected  radiation)  is 
sfrongly  attenuated  in  die  mirror  line.  From  that  point  of 
view  the  fiimace  input  can  not  be  made  as  a  single-mode 
waveguide.  This  principle  implies  operation  of  the  mirror 
line  with  a  low  mode  (the  lower  the  better)  which  has  a  very 
narrow  spatial  wave  number  spectrum.  The  mirror  line  has 
to  support  this  spectrum  only.  Reflected  radiation  with  a 
wide  wave  number  spectrum  does  not  pass  the  line. 

Results  of  measurements  and  calculations 

The  line  tested  was  composed  of  die  fiiliowing  parts:  quasi- 
optical  mode  converter  consisted  of  a  special  irregular  wave 
guide  section  with  a  npn-symmetrical  end  cut  and  a 
parabolic  mirron  two  mirrors  widi  920  mm  distance  in 
between.  Three  versions  of  the  mode  converter  were  tested 
and  compared:  conventional  quasi-optical  converter  [1],  the 
converter  with  an  elliptical  guide  section  [2,3]  which  pre¬ 
shapes  the  wave  in  the  azimuthal  direction  before  its 
radiation  from  the  cut;  the  new-type  irregular  waveguide 
section  which  makes  a  proper  mixture  of  the  modes  TE02, 
1^13 «  TE22  forms  after  the  parabolic  mirror  a  paraxial 
wave  beam  practically  without  side  lobes. 

The  main  results  of  “cold”  tests  performed  are:  in  the  first 
case  the  total  transmission  coefficient  is  80±3%,  in  the 
second  version  it  is  89±3%,  die  diird  line  shows  rather  high 
transmission  94±2%.  Results  of  measurements  agree  with 
calculations.  The  improved  versions  of  the  mode  converter 
are  compact  and  quite  simple  in  manufacturing. 
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forward  paraxial  wavebeam, 
output  mode  TE^  backward  stray  beam 


Fig.  1:  General  scheme  of  technological  setup 


c) 

Fig.  2.  Measured  amplitude  distributions  of  paraxial  wavebeam  at  the  input  of  mirror  line 
when:  conventional  quasi-parabolic  converter  is  used  (a);  additional  elliptical  wave  guide 
section  is  placed  before  the  wave  guide  cut  (b);  short  dimpled  mode  converter  is  used  at 
the  gyrotron  output  (c) 


M2.8 


33 


Experimental  Results  on  a  Coaxial  TEM-Circular  TEi6^2  Mode  Transducer 

F. Volgyi,  Gy.Reiter,  Gy.  Veszely  and  T.Berceli 

Budapest  Technical  University,  Department  of  Microwave  Telecommunications 
Goldmann  t.3.  Budapest,  1111.  Hungary 


Abstract 


The  network  model 


A  mode  transducer  was  developed  consisting  of  a  microstrip- 
slot  antenna  system  and  iris-coupled  resonators  [1]. 
Measurements  were  made  on  the  transducer  controlling  its 
mode  purity.  The  results  prove  the  correctness  of  the 
construction  ideas. 


Construction 

The  transducer  consists  of  a  microstrip-slot  antenna  system 
vwth  coa.\ial  input.  This  antenna  is  of  16  identical  parts  and 
simulates  the  transverse  distribution  of  the  radial  electric  field 
of  the  TE|6  2  mode  [IJ-  The  antenna  radiates  into  an 
ovennoded  circular  waveguide.  Supposing  the  total  symmetry 
in  azimuthal  direction  only  the  TEjgjyj  and  modes 

are  excited,  where  k,n  are  integers.  Those  unwanted  modes 
which  are  able  to  propagate  in  the  given  waveguide  can  be 
filtered  out  by  resonator(s),  which  are  resonant  for  the  TEjg  2 
mode.  The  resonators  are  coupled  to  each  other  by  irises.  If  we 
appl)'  the  irises  of  Fig.l.  then  according  to  the  orthogonality 
realitions  no  mode  coupling  occurs  beuveen  the  modes  of  the 
same  azimuthal  index. 


Fig.l.  The  iris 

For  the  sake  of  t'ariabiliw  the  deNice  was  built  from  separate 
parts.  Two  identical  antennas  sene  for  transmission  and 
reception.  The  circular  resonators  can  be  fitted  together  from 
rings  of  halftvave  length.  Three  identical  pieces  of  rings  make 
possible  the  dc\icc  to  be  built  up  fi^om  one  .two  or  three 
resonators. 


Using  the  results  of  [2]  the  network  model  of  the  transducer 
can  be  constructed  (Fig.2),  The  voltage  generator  on  the  left 


Fig.2.  Network  model  of  the  transducer 

side  is  coupled  to  the  coaxial  input.  The  distributor  network 
symbolizes  the  mode-converter  effect  of  the  microstrip-slot 
antenna:  it  transforms  the  voltage  into  the  different 
transmission  lines,  corresponding  to  the  propagating  modes. 
The  concentrated  reactances  correspond  to  the  cut-off 
modes.  Tlie  coupling  circuit  parts  model  the  mode-coupling 
effect  of  the  irises.  As  we  saw  there  are  no  mode-coupling 
between  modes  of  the  same  first  index,  therefore  the  upper  part 
(belonging  to  the  TEj^  2  mode)  is  independent  from  tlte  lower 
part. 


Measurements 

Based  on  the  network  model  of  the  converter  transmission  and 
reflexion  measurements  were  made  on  the  closed  de\ice  using 
a  HP  network  analj’zer.  The  result  of  a  transmission 
measurement  is  given  in  Fig,3.  The  dot-dashed  line  is 
obtained,  when  the  two  antenna  is  faced  only.  Among  some 
umdentified  peaks  the  modes  of  the  16th  azimuthal  index  can 
be  seen  clearly.  After  this  three  coupled  resonators  are  formed 
using  three  rings  and  two  irises.  The  resonators  are  resonant 
for  the  TE15  2  mode.The  measured  result  is  represented  by  the 
cur\*cs  filled  by  black.  All  of  the  unwanted  modes  arc 
supressed  more  or  less. 
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Fig.  3.  Transmission  measurements  without  and  with 
resonators 

Fig.4.  shows  the  transmission  characteristics  of  the  TEjg  2 
mode  and  the  reflection  coefficient  of  the  antenna  in  a 
narrower  frequency  band.  The  regular  resonance-curv'c  shape 
proves  the  purity  of  the  mode  to  be  transmitted  The  antenna  is 
matched  on  several  frequencies  as  can  be  seen  from  the 
reflection  curve.  The  return  loss  is  6,17dB  from  which  the 
mismatch  loss  is  l,2dB  on  the  mid-band 


the  loss  of  the  coa.\ial-microstrip  transition,radiation  losses  of 
the  microstrip  feeding  network,  the  losses  of  the  back  cavity, 
misalignment  error  in  the  circular  wavegude  consisting  of 
several  parts,  the  dielectric  loss  at  the  slots,  finite  conductivity 
of  the  irises,  poor  contacts. 

Conclusions 

The  fundamental  idea,  ie.  to  simulate  the  field  of  the  useful 
mode  Ity  a  microstrip-slot  antenna  and  to  filter  out  the 
unwanted  modes  by  a  waveguide-cavity  filter  is  proved  to  be 
realizable.  Using  the  netw'ork  model  a  network-like 
measurement  was  carried  out  on  ffie  closed  device. 

The  adjustment  of  the  optimal  coupling  between  the  cavities 
requires  additional  e5q)eriments..It  is  desirable  to  identify  the 
unknown  peaks  in  Fig.3.. 

It  is  possible  to  optimize  the  position  and  dimension  of  the 
slots.  An  objective  is  to  maximize  the  ratio  of  the  amplitude 
of  the  wanted  mode  and  of  the  sum  of  the  amplitudes  of  the 
unwanted  modes.  Such  calculation  was  carried  out  but  no 
e:q)eriments  were  made  yet 

Finally  it  should  be  mentioned  that  the  construction  of  a 
transducer  working  on  40GHz  is  begun.. 
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Fig.4.  Transmission  in  the  main  mode  and  reflection  from  the 

antenna 

From  the  measurements  4.6dB  transmission  loss  was  given. 
Substracting  the  mismatch  loss  remains  3,4dB.  As  the 
calculated  loss  of  the  microstrip  feeding  network 
(dielectric+copper)  eqal  to  l.25dB  the  remainder  is  2. 15dB.. 
The  components  of  this  are;  the  loss  of  the  SMA  connector, 
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Abstract 

Analytic  theory,  design,  and  experimental  cold-test 
are  descnbed  for  an  input  coupler  for  the  NRL  35  GHz 
^okiysfron  experiment.  Electron  beam  effects  can  be 
induded  in  the  analysis.  This  work  is  supported  by  tire 
Office  of  Naval  Research. 


Introduction 


Code  6840  at  the  Naval  Research  Laboratory  is  actively 
investigating  gyroklystron  amplifiers  for  radar  applications 
Emphasis  is  on  broadband  operation  (1%  bandviddth)  and  high 
average  power  capability  (10  %  duty  factor)  at  35  GHz  and 
94  GHz.  A  coaxial  input  coupler  geometry  is  used  for  both 
of  these  experimental  efforts.  Here  we  report  cold  test  and 
design  results  for  the  35  GHz  experiment. 

The  design  goals  for  the  input  coupler  are:  1)  broad 
bandwidth  -  implying  a  low  external  quality  factor  (Qj), 
2)  resonant  frequency  at  35  GHz,  3)  good  coupling  of  input 
power,  4)  high  degree  of  mode  puii^  in  the  TEqh  cylindrical 
mode.  A  cross-section  of  the  coupler  is  shown  in  Kg.  1. 
The  input  guide  is  fundamental  TE,o  rectangular  and  couples 
via  an  open  aperture  to  the  TE4i,  coaxial  cavity  mode.  Ihis 
cavity  is  coupled  to  the  centrd  cylindrical  cavity  by  four 
rectangular  apertures.  Large  radius  drift  tubes  connect  to  the 
cavity  ends. 

The  following  will  discuss  matching  the  input  coupler, 
cold-test  and  HFSS  simulations  of  the  input  coupler,  and  an 
alternative  coupler  theory  based  on  mode  matching. 

Results 

A.  Matching  the  Input  Coupler 

Broadband  operation  of  the  input  coupler,  without 
excessive  Ohmic  loss,  requires  Qe  «  where  Qo  is  the 
Ohmic  quality  factor.  Since  there  is  no  other  power  loss 
rnechanism  internal  to  the  cavity  (beam  loading  is  minimal) 
then  the  coupling  coefficient  is  high  p  =  Qo/Q^  »  1  and  a 
poor  match  is  obtained.  Adding  internal  Ohmic  loss 
improves  the  match  but  wastes  power  in  Ohnuc  heating  that 
would  otherwise  be  wasted  in  reflection.  A  passive,  lossless 
external  matching  circuit  may  be  used  to  improve  the  match 
without  collapsing  the  bandwidth.  Circuit  theory  developed 
some  time  ago  [I]  reveals  the  optimum  match  possible  S®i, 
for  a  given  bandwidth  Aca® 


In 


< 


Aoo^ 


where  Ac0|o„  is  the  bandwidth  of  the  cavity  due  only  to 
Ohmic  loss.  It  can  be  seen  from  this  relation  that  there  is  a 


cl^  ti^e-off  between  bandwidth  and  reflection  coefficient 
with  a  in  bandwidth  resulting  from  an  improvemTm 

in  match.  Thus  the  matching  improvement  by  even  an 

optimized  external  circuit  is  minimal  for  our  coupler. 

B.  Simulations  used  in  Coupler  Design 

"Hie  coupler  was  entirely  designed  using  the  HFSS  code  in 
conjunction  with  cold  test.  The  code  performed  well 
predicting  the  resonant  frequency  to  vrithin  70  MHz  (with  all 

factor  to 

wi^  25  %  There  was  some  uncertainty  in  the  conductivity 
to  TC  used  due  to  unknown  surface  roughness  effects.  A 
conductivity  value  for  304  stainless  steel  of  5.8  x  10*  S/m 
was  iKed,  whi^is  about  half  the  value  typically  reported  in 
the  hterature.  The  computer  resources  to  perform  this  design 
were  enormous  suggesting  further  design  work  should  include 
a  simphfied  desenption  of  the  coupler.  ITiis  is  accomplished 
by  erriploying  vanous  analytical  techniques  to  match  the 
inconung  rectangular  mode  to  the  coaxial  modes  and  through 
fte  ^rtures  to  the  cylindrical  cavity  modes  and  finally  into 
the  feft  tubes  to  cutoff  waveguide  modes.  This  mode 
inatclung  th^ry  (MMT)  requires  considerable  effort  in  setup 
time,  but  allows  a  lot  of  information  to  be  obtained  with 
little  investment  in  computer  time.  For  example,  obtaining 
tile  stored  energy  in  the  coupler  structure  as  a  function  of 
frequency  is  a  very  time-consuming  calculation  for  HFSS 

(30  mm  computed  in  seconds 

using  the  MMT  description. 

C.  A  MMT  Solution 

Figure  1  indicates  how  each  part  of  the  coupler  geometry 
was  rnodeM  in  the  MMT.  A  single  TEjo  rectangular  mo^ 
is  used  in  the  f^  waveguide.  Mode  matching  in  an  E-plane 
al  ows  S-parameters  to  be  found  for  the  junction 
With  the  coaxial  cavity.  This  cavity  is  now  treated  as  a 


buna  waveguide 
single  mode  eppnjdmaxion 


E-plane  ’‘tee"  aporonmedon 
mode  match 


cyiuidrical  cavity 
modal  ejpansion 


eo-axial  resonator 
single  mode  approximation 


_  small  apenurts 
^poie  appraximaiion 


cavity  ~  dtift  tube  junction  . 
mode  match 


Figure  1 .  Input  coupler  schematic. 
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circular  guide  which  propagates  one  mode  (in  the  azimuthal 
direction).  This  traveling  wave  then  scatters  off  the  various 
apertures  connecting  to  the  central  cavity.  More  feed  guides 
may  be  added  by  simply  including  the  S-parameters  of  the 
equivalent  tees.  The  wave  amplitude  and  phase  pan  change 
across  each  aperture  (equivalent  to  keeping  many  azimuthal 
coaxial  cavity  modes).  The  apertures  are  treated  via  the  dipole 
approximation  because  they  are  so  small  and  well  separated 
from  the  guide  walls  in  current  designs.  Improved  mode 
matching  models  could  be  included  later.  Three  dipole 
moments  are  included:  two  magnetic  moments  in  the  plane 
of  the  apertures,  and  one  electric  moment  perpendicular  to  the 
aperture.  The  central  cavity  field  is  expanded  in  a  complete 
set  of  short-circuit  modes  with  the  irrotadonal  portion  of  the 
magnetic  field  included  to  match  to  the  large  apertures 
connecting  to  the  drift  tubes.  The  cavity  fields  are  matched  to 
the  cutoff  drift  modes  using  mode  matching. 

Tlie  field  solution  is  obtained  by  eliminating  the  drift  tube 
fields  in  favor  of  the  cavity  fields,  then  eliminating  the  cavity 
fields  in  favor  of  the  dipole  moments.  The  circular  guide 
fields  are  written  in  terms  of  the  input  field  and  the  radiated 
fields  from  the  dipole  apertures  [2].  Note  that  because  of  the 
circular  nature  of  the  coaxial  structure  fields  incident  on  the 
apertures  include  both  the  input  field  and  redrculating  radiated 
fields  from  all  the  apertures.  The  solution  is  found  by 
performing  a  few  matrix  inversions  where  the  matrix  order  is 
equal  to  the  number  of  apertures.  The  known  dipole 
moments  can  then  be  used  to  find  the  fields  in  any  part  of  the 
structure.  Because  the  matrix  sizes  do  not  depend  on  the 
number  of  cavity  modes  or  drift  tube  modes,  the  computation 
time  is  insensitive  to  the  number  of  modes  included.  These 
modes  appear  as  sums  in  the  matrix  elements. 

D.  Comparison  between  Theory  and  Experiment 

Comparison  of  results  obtained  in  cold  test,  from  HFSS 
and  the  MMT  are  shown  in  the  table  below.  The  agreement 
is  quite  good  except  for  the  resonant  frequency  predicted  by 
the  MMT.  This  is  because  the  drift  tubes  were  not  included 
in  the  calculation.  Predictions  from  other  codes  indicate  that 
the  drift  tube  loading  is  about  -  500  MHz,  making  the 
resonant  frequencies  very  close. 


Cold  Test 

HFSS 

MMT 

Qo 

1484 

1600 

1601 

Qe 

187 

232 

194 

Ql 

166 

203 

173 

fo 

34.88  GHz 

35.047 

35.57 

Mode  purity  in  the  central  cavity  is  another  critical  design 
goal.  Figure  2,  from  an  MMT  calculation,  shows  that  the 
competing  modes  are  IE411  and  TMni-  TEqu  purity 
at  resonance  is  over  99  %.  This  degree  of  mode  purity  is 
comparable  to  what  is  predicted  by  HFSS.  However  the 
presence  of  the  TMj  1 1  mode  was  not  observed  in  HFSS  due 
to  the  rapid  variation  of  amplitude  with  frequency. 

Figure  3  shows  the  energy  stored  in  the  coaxial  and 
cylindrical  portions  of  the  input  coupler  for  an  input  power  of 
1  W.  Results  are  shown  from  MMT  and  HFSS.  The  shift  in 
resonance  of  500  MHz  is  seen  again  in  the  MMT  results. 
However,  the  energy  ratio  between  the  two  regions  is  quite 
close  for  the  two  calculations.  At  TEqi  1  resonance,  most  of 


the  energy  is  stored  in  the  central  cavity,  where  is  can  interact 
with  the  electron  beam. 


34  34.5  35  35.5  3  6 

Frequency  (GHz) 


w 

B 


B 

o 
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2 

a. 
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Rgure2.  Mode  purity  in  central  cavity. 


*34  34.5  35  35.5  36 

Frequency  (GHz) 


Figure  3.  Energy  stored  in  coupler  (points  from  HFSS, 
curves  from  MMT). 


E.  Inclusion  of  the  Electron  Beam 

Free  currents  inside  the  cavity  structure  are  included  as 
volume  integrals  of  J  •  En.  In  the  upstream  drift  tube  the 
beam  current  drives  evanescent  modes  in  the  waveguide.  The 
relation  between  the  guide  modal  amplitudes  and  the  driving 
beam  current  can  be  found  by  application  of  the  Lorentz 
Reciprocity  Theorem.  This  produces  a  perturbed  current 
density  at  the  entrance  to  the  cavity.  Assuming  a  linear 
interaction,  the  cavity  fields  produce  a  modification  to  the 
current  density  which  adds  to  that  of  the  input  drift  tube.  The 
same  occurs  for  the  ou^ut  drift  tube.  The  beam  dynamics 
can  be  described  in  any  of  the  usual  ways:  single  particle, 
guiding  center,  Vlasov  etc.  and  all  the  slow-time  scale 
assumptions  can  be  profitably  employed. 

^  permanent  address:  University  of  Southern  California,  Los 
Angeles,  CA  90089. 
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Abstract 

The  paper  considers  the  possibilities  of  u  sing  the  mm-wave 
range  for  creation  of  radar  stations  for  observing  space 
objects  of  the  man-made  and  natural  origin.  High 
capabilities  of  the  radars  in  the  indicated  range  allow 
solution  of  a  number  of  technical  problems  associated  with 
the  space  object  observation  that  can  not  be  solved  by  the 
existing  radars  of  the  lower  frequency  ranges.  The  special 
attention  is  concentrated  on  the  problems  of  providing 
generation  and  amplification  of  powerful  microwave 
signals. 


realized  on  the  basis  of  the  traditional  devices  like  a 
klystron  or  a  TWT  available  at  present. 

Some  points  concerning  with  generation  and 
amplification  of  powerful  microwave  signals  of  the  Ka 
band  for  a  large  stationary  earth  radar  station  are 
considered  below. 


Requirements  to  energetic  characteristics 
of  radar 


Introduction 

The  state  of  development  of  the  system-technical 
engineering  solutions  and  element  base  for  creation  of  the 
powerful  radar  stations  of  a  longer  wavelength  part  of  the 
mm-wave  range  and  on-board  radars  of  a  shorter 
wavelength  part  of  the  mm-wave  range  providing  the 
capability  of  electrical  beam  steering  opens  a  number  of 
new  possibilities  in  the  area  of  detecting  and  tracking 
objects  in  the  circumterrestrial  space.  These  possibilities  are 
based  on  the  high  power  concentration,  high  resolution, 
and  high  accuracy  of  the  coordinate  measurement  inherent 
for  the  radars  of  the  range  in  question. 

The  problems  where  the  capabilities  of  the  mm-wave 
radars  can  be  used  are,  [1]: 

-  density  distribution  measurement  and  cataloguing  of 
the  space  debris  of  more  than  1  cm  dimensions  for 
providing  the  safety  of  inhabited  and  other  satellites  at  the 
heights  of  500^1000  km.; 

-  provision  of  monitoring  of  functioning  space  vehicles 
in  the  Earth  geostationary  orbit; 

-  accuracy  forecast  of  the  time  and  place  of  falling  large 
man-made  and  natural  space  objects  onto  the  Earth; 

-  radar  research  of  the  Moon  surface. 

The  solution  of  the  indicated  and  other  problems  can  be 
performed  with  using  a  large  earth  radar  operating  in  a 
longer  wavelength  part  of  the  K,  band.  Such  a  radar  is 
being  under  development  in  Russia  and  has  been  described 
in  a  number  of  papers  [2],  [3],  and  [4]. 

A  number  of  other  problems  associated  mainly  with 
observation  of  space  debris  of  1^3  mm  dimensions  require 
using  the  W-band.  The  preliminary  analysis  shows  that  the 
radar  in  the  indicated  band  are  expedient  to  be  realized  in 
the  on-board  variant.  In  this  case,  the  radar  will  not 
require  generation  of  high  power  and  its  transmitter  can  be 


One  of  the  technical  problems  associated  with  detecting 
and  tracking  objects  in  space  is  provision  of  the  necessary 
energy  characteristics.  The  radar  energetic  possibilities  are 
described  by  using  the  concept  of  "pulse  potential" 
(measured  in  square  meters)  which  characterizes  the 
possibility  of  observation  of  an  object  with  a  specified 
radar  cross-section  at  some  distance.  The  "pulse  potential" 
is  more  convenient  to  be  described  in  decibels  referred  to  a 
square  meter.  For  tracking  an  object  with  radar  cross- 
section  a  at  a  distance  R,  it  is  necessary  to  provide  the  ratio 
of  a  signal  to  noise  =  s/n,  then  we  get 


For  the  radar  with  transmitting-receiving  antenna,  the 
value  of  "pulse  potential"  may  be  determined  by 
approximate  expression: 


r-T 

where: 

E  -  energy  of  primary  signal,  J; 

S  -  area  of  aperture,  m^; 

q  -  loss  factor  in  a  radar; 

X  -  wavelength,  m; 

T-  noise  temperature  of  a  receiver,  K. 

For  tracking  some  space  objects,  it  is  necessary  to 
provide  "pulse  potential"  of  about  290  dB  and  higher,  that 
requires  considerable  power  of  transmitter  and  large 
antenna  aperture.  For  example,  a  millimeter-wave  band 
radar  installed  at  the  Kwajalein  Atoll,  USA,  has  a  reflector 
antenna  of  about  14  m  in  diameter  and  a  transmitter 
forming  a  primary  signal  with  the  energy  of  about  5  J  in  a 
pulse.  The  "pulse  potential"  of  the  radar  channel  operating 
at  frequency  of  35  GHz  is  approximately  equal  to  265  dB 
[5]. 
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The  use  of  the  radars  with  large  full-rotary  reflector 
antenna  puts  before  developers  a  number  of  complex 
problem  associated  both  with  the  necessity  of  maintaining 
the  reflector  shape  with  high  accuracy  when  operating  and 
with  providing  the  space  survey  by  a  narrow  beam  when 
detecting  an  object  and  control  of  the  antenna  when 
tracking  the  object.  High  power  primary  signal 
transmission  to  the  rotating  antenna  also  requires 
application  of  the  methods  that  are  unordinary  for  the 
traditional  radiolocation  [5],  [6]. 

A  modification  of  the  structure  for  a  millimeter-wave 
band  antenna  of  module  type  and  electric  beam  steering 
free  of  the  shortcomings  indicated  has  been  considered  in 
[7].  The  antenna  is  an  active  transmitting-receiving  phased 
array  with  a  small  (about  one  degree)  sector  of  scan,  that, 
from  our  viewpoint,  meets  the  requirements  arising  when 
carrying  out  a  number  of  operations  in  space. 

The  main  characteristics  of  the  radar  are  shown  in 
Table  I. 


Table  1.  Main  radar  characteristics 


Central  frequency,  GHz 

34 

Pulse  potential,  dB/m^ 

290 

Pulse  potential  with  coherent 
accumulation,  dB/m^ 

310 

Antenna  diameter,  m 

18 

Peak  power,  kW 

20 

The  electric  scan  sector,  min 

50 

Distance  error,  m 

2 

Angle  error,  sec 

6 

One  of  the  main  difficulties  in  creation  of  the  radar  in 
question  is  the  providing  of  the  powerful  microwave  signal 
amplification  with  using  the  devices  arranged  in  the 
antenna  body.  The  possibility  of  using  the  tubes  of  the 
traditional  klystrons  or  TWT  for  the  indicated  purposes  is 
considered  as  the  basic  variant.  In  this  case,  the  tubes  are 
arranged  in  individual  modules  of  the  antenna  body.  The 
total  number  of  the  powerful  output  amplifiers  amounts  to 
600-^1200  units. 

Such  large  number  of  powerful  elements  in  the  radar 
antenna  is  undesirable  because  it  leads  to: 

-  the  increase  of  the  radar  cost; 

-  the  reduction  of  its  reliability; 

-  complication  of  operation. 

The  possibility  of  using  the  gyroklystrons  in  the  station 
of  such  a  class  was  first  indicated  in  [8].  However,  it  was 
supposed  there  to  use  the  device  with  the  stationary 
cryogenic  superconducting  solenoids.  Such  a  solution  is 
very  bulky  and  complex  from  the  viewpoint  of  the  power 
canalization  to  the  full-rotary  antenna.  Besides,  it  will  be 
associated  inevitably  with  considerable  additional  loss. 
Although,  the  experience  of  such  a  work  with  much  less 
number  of  the  devices  is  available. 

At  the  same  time  in  development  of  the  gyroklystrons, 
the  necessary  prerequisites  to  creation  of  the  powerful  Ka 
band  gyroklystron  amplifiers  packaged  with  the  permanent 
magnets  on  the  second  harmonic  have  been  created  in 


Russia.  The  preliminary  analysis  allows  to  expect  creation 
of  the  gyrodevices  with  the  following  characteristics. 


Table  2.  Main  characteristics  of  gyroklystrons 


Central  frequency,  GHz 

34 

Peak  power,  kW 

300-350 

Factor  amplification,  dB 

30-40 

Weight,  kg 

-200 

The  use  of  such  devices  will  reduce  the  total  number  of 
the  output  amplifiers  down  to  50-^100  that  will 
considerably  enhance  the  operating  characteristics  of  the 
radar  and  will  reduce  its  cost. 

References 

1.  A.  A.  Tolkachev,  V.  A.  Trushin,  and  V.  V.  Vejtsel. 
On  the  possibility  of  using  powerful  millimeter  wave  band 
radars  for  tracking  objects  in  circumterrestrial  space. 
China  International  Conference  on  Radar  Beiging,  oct. 
1996. 

2.  A.  A.  Tolkachev,  V.  P.  Botavin,  A.  A.  Kuzmin, 
A.  P.  Pytsyk,  and  V.  A.  Trushin.  Radar  means  for 
detection  and  tracking  of  orbital  debris.  Scientific 
Conference  of  the  Russian  Academy  of  Sciences 
"Technogeneous  space  debris:  problems  and  directions  of 
research",  Moscow,  February  24-28,  1992  (in  Russian). 

3.  V.  V.  Denisenko,  B.  A.  Levitan,  A.  A.  Tolkachev, 
A.  V.  Shishlov  and  other.  About  possibility  of  millimeter 
radar  use  for  space  debris  control.  AMSE  Int.  Conf. 
"Signals  and  systems",  Geneva  (Switzerland),  June  17-19, 
1992. 

4.  V.  V.  Denisenko,  B.  A.  Levitan,  A.  A.  Tolkachev, 
A.  V.  Shishlov  and  other.  “SUMMIT  Radar  Ground 
Station  for  EHF  observation  of  small  space  objects”, 
Know-How  News,  N  3,  Moscow,  1993  (in  Russian). 

5.  M.  D.  Abouzahra,  R.  K.  Avent.  The  100-kW 
Millimeter- Wave  Radar  at  the  Kwajalein  Atoll.  IEEE  AP- 
Magazine,  vol.36,No.2,  April  1994. 

6.  V.  V.  Denisenko,  L.  V.  Tretjakov,  and 

A.  V.  Cherednik.  TEqi  Circular  Waveguide  Transmission 

Lines  of  Complex  Path.  9th  Microwave  Conf.  "MICON- 
91",  Proceeding,  v.l,  p.267,  Rydzyna-Poland,  May  20-24, 
1991. 

7.  A.  A.  Tolkachev,  et  al.  High  Gain  Antenna  Systems 
for  Millimeter  Wave  Radars  with  Combined  Electronical 
and  Mechanical  Beam  Steering.  IEEE  Int.  Symp.  on 
Phased  Array  Systems  and  Technology.  15-18  October, 
1996,  Boston,  Massachusetts,  p.266-271. 

8.  A.  V.  Gaponov-Grekhov,  V.  L.  Granatstein. 

Applications  of  High-Power  Microwaves,  Boston; 
London:  Artech  House,  1994. 


M3.2 


39 


Millfmeter  Wave  Radars  Tracking  Approaching 

Sea  Skimming  Targets 

Dieter  R.  Lohrmann 
Navai  Research  Laboratory 


Abstract 

Using  milimeter  waves  for  tracking  sea  skimming  targets,  improved  tracking  accuracy  is 
expected  in  comparison  to  use  of  microwaves.  The  reason  is  that  for  equal  antenna  aperture,  the  narrower 
mm  wave  beam  helps  to  discriminate  against  reflections  from  the  sea.  Futther,a  rough  sea  surface  breaks 
up  specular  reflections  at  mm  waves  much  mote  than  at  microwaves. 

To  some  e.xtent,  Doppler  radars  tracking  fest  approaching  targets  can  discriminate  against  the 
low  Doppler  returns  of  rain  clutter.  At  95  Ghz,  targets  with  greater  than  0. 1  square  meters  of  radar  cross 
section  ate  expected  to  be  detectable  at  up  to  3  km  range  even  in  medium  rain,  provided  that  at  least  10 
dB  of  excess  signal  to  noise  is  available  in  clear  weather. 


i.  The  Problem 

Tracking  targets  flying  low  above  the  sea 
surface  by  radar  has  been  a  long  standing  problem 
due  to  reflections  from  tlie  sea  sur&ce.  Tliese 
reflections  may  be  specular,  difliise  or  both.  Tlie 
largest  elevation  tracking  errors  are  due  to 
specular  reflections. 

Figure  1  sho\vs  the  scenario.  The  path 
reflected  by  the  sea  creates  a  virtual  image  of  the 
target  below  the  surface.  Tlie  depth  of  the  image  is 
appro.\imately  equal  to  the  height  of  the  target 
above  the  sea  surface. 

If  both  target  and  image  are  in  the  radar 
anteiuia  beam,  then  the  radar  tracks  the  point  on 
the  surface  between  the  target  and  its  image , 
when  the  target  and  image  return  signals  arrive  at 
tlie  radar  in  phase.  Tlie  resulting  elevation  error  is 
commonly  called  “bias”.  If  tlie  the  signals  are 
close  to  opposite  phase,  tlie  phase  front  of  the 
arriving  signal  is  warped ,  causing  errors  which 
can  amount  to  many  beamwidths  of  the  radar. 

2.  Discrimination  against  sea 
reflections  by  narrow  antenna  beam 

For  equal  antenna  aperture,  the  antenna 
beam  of  a  millimeter  wave  radar  is  much 
narrower  than  tliat  of  a  microwave  radar.  For 
e.xample,  the  3  dB  beam  width  of  an  antenna  of 


75  cm  diameter  is  about  3  degrees  at  10  Gliz,  and 
0.3  degrees  at  95  Ghz. 

The  narrower  beam  width  of  the 
millimeter  wave  radar  tends  to  discriminate 
against  the  specular  reflection.  For  instance,  with 
a  height  of  both  radar  and  target  of  10  m  above 
the  sea  surface,  at  a  range  of  3  km,  the  image  is  in 
the  first  null  of  the  sum  pattern  of  the  95  Ghz 
radar,  whereas  both  target  and  image  are  still  in 
the  beam  of  the  X-band  radar. 

As  the  target  approaches,  the  angle 
between  the  line  of  sight  to  target  and  to  the 
image  increases.  If  the  boresite  of  the  radar  would 
be  kept  on  the  target  during  the  approach, 
eventually,  the  image  return  would  fall  into  the 
first  sidelobe  minimum  of  the  sum  pattern  of  the 
monopulse  antenna.  At  that  poinLtlie  return  from 
the  image  is  still  strong  in  the  difference  pattern, 
because  the  difference  pattern  is  wider  than  the 
sum  pattern.  Therefore,  at  that  point,  tlie  bias 
error  is  not  reduced  much. 

As  the  target  approaches  closer,  the 
image  falls  into  the  first  null  of  the  difference 
pattern.  The  minimum  of  the  bias  error  and  the 
minimum  of  the  elevation  error  occurs  at  that 
point.  Figure  2  shows  the  elevation  error  due  to 
bias  vs.  range.  The  height  of  radar  and  target 
above  the  sea  surface  was  10  m.  tlie  radars 
frequency  95  Ghz  and  the  antenna  aperture  75 
cm.  Tlie  sea  surface  was  assumed  to  be  smooth.  At 
a  range  above  3  km.  the  bias  is  equal  to  the  target 
height.  During  multipath  ma.\ima.  the  radar 
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tracks  the  point  on  the  sea  surface  between  target 
and  image.  Below  3  km  range  the  radar  tracks 
either  the  target  or  the  image  with  high  accuracy. 
The  minimum  of  the  tracking  elevation  error 
occurs  at  approximately  2600  m.  Given  range  and 
elevation  angle,one  can  discriminate  between 
image  and  target,  because  the  target  usually  does 
not  fly  below  the  surface  of  the  Ocean. 

3.  Reduction  of  specular  sea 
reflections  by  wave  action 

As  was  seen,  specular  reflections  from 
the  sea  may  cause  elevation  tracking  errors. 
Fortunately,  sea  waves  break  up  specular 
reflections  at  millimeter  waves  much  more  than 
thqr  do  at  microwaves  [1],  [2].  This  was  verified 
recently  by  multipath  measurements  [3]  [4]  [5]. 
Figure  3  (from  (4])  shows  measured  values  of 
reflection  coefficient  vs.  rms  sea  wave  height, 
grazing  angle  and  electrical  wave  length.  The 
solid  curves  (triangles)  show  values  derived 
theoretically  by  Ament  [1],  the  curves  with  circles 
show  values  by  a  theory  modified  by  Miller  and 
Brown  [2]  to  fit  measu^  results  mote  closely. 
Using  the  Miller  and  Brown  theory,  the  reflection 
coefficient  vs.  wave  height  Mth  grazing  angle  as 
parameter  was  plotted  in  figure  4  for  10  GHz  and 
in  figure  5  for  95  GHz.  It  is  seen  that  for  a  grazing 
angle  of  0.5  degrees,  a  wave  height  of  0.05  m  rms 
(smooth  sease)  already  reduces  the  specular 
reflections  by  10  dB  at  95  Ghz,  whereas  at  10 
Gliz,  this  occurs  at  0.5  m  wave  height  (rough 
seas). 

Historically,  sea  wave  heights  were  given 
in  H3  values.  Since  H3  is  a  poorly  defined 
parameter,  it  should  be  replaced  by  rms  values  in 
the  future.  Table  1  relates  rms  wave  height  to  “Sea 
State"  .  as  given  in  (6j. 

With  increasing  sea  state,  the  specular 
reflection  coefficient  decreases,  but  the  difilrse 
reflection  coefficient  increases,  see  figure  6.  Since 
these  reflections  come  from  all  ranges  on  tire  sea 
surface,  the  phase  angles  of  the  returns  are 
randomly  distributed  between  zero  and  two  pi. 
Because  these  contributions  tend  to  average  out 
difilrse  reflections  are  e.xpected  to  cause  very  little 
elevation  tracking  error  {?]. 


4.  Influence  of  rain 

Common  wisdom  has  it  that  “trun  waves 
don’t  work  in  rain”.  But  neither  does  infrared,  for 
that  matter.  For  medium  rain  (4mm/hour)  the 
path  attenuation  is  about  3  dB/km  one  way  at  95 
GHt,  or  18  dB  two  ways  at  3  km  range.  To  bum 
thru  18  dB  additional  path  attenuation  is  not 
Hiffinilt,  using  a  high  powered  radar,  but  the  rain 
chrttftr  return  tends  to  hide  the  target  However,  a 
first  approaching  target  (typically  300  m/s  or 
greater)  creates  a  much  greater  Doppler  shift  than 
ffie  rain  drops.  Assuming  that  a  clutter 
suppression  by  Doppler  filtering  is  achievable,  a 
target  with  -10  dBsm  cross  section  will  produce  a 
dgnal  to  clutter  ratio  of  of  23  dB.  which  is  amply 
sufficient  for  accurate  tracking. 

TABLE  1  (from  [6] 


Sea  Stale 
Number 

Wave  Height 
rms  (m) 

Description 

1 

0-0.06 

smooth 

2 

0.06-0.2 

slight 

3 

0.2  -0.34 

moderate 

4 

0.34  -  0.52 

rough 

5 

0.52  -  0.79 

very  rough 
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Abstract 

We  report  here  the  recent  results  on  the 
development  of  95  and  140  GHz  transmitters  employing 
magnetrons  with  cold  secondary-emission  cathode  and  a 
solid-state  modulator.  Design  and  fabrication  of 
transmitters  with  1  and  5  kW  peak  output  power  suitable 
for  radar  applications  are  discussed. 

Introduction 

Recent  advances  in  magnetrons  with  cold 
secondary-emission  cathode  [1,2]  along  with  potentials  of 
modem  solid-state  modulators  have  opened  a  promising 
way  for  the  development  of  efficient,  reliable,  and  cost- 
effective  transmitters  with  output  peak  power  of  several 
kilowatts  at  frequencies  around  100  GHz  and  higher.  Such 
magnetrons  have  been  developed  at  the  Institute  of  Radio 
Astronomy  of  Ukrainian  Academy  of  Sciences  as  an 
alternative  to  the  conventional  magnetrons  using  thermal 
cathodes.  The  magnetrons  with  cold  secondary-emission 
cathode  are  superior  to  the  conventional  magnebrons  using 
thermal  cathodes  in  such  parameters  as  lifetime,  pulse  and 
average  output  power.  Our  recent  efforts  have  been  directed 
to  reducing  their  physical  dimensions  and  weight,  and  to 
decreasing  the  anode  voltage  in  order  to  make  the 
magnetrons  suitable  for  airborne  radar  ^ems.  Besides, 
we  developed  a  new  compact  9  and  15  kV  solid-state 
modulators  to  drive  these  magnetrons.  These  activities  have 
resulted  in  the  development  of  compact  95  GHz 
transmitters  with  output  p^  power  of  1  and  5  kW,  and  the 
average  power  of  1-  and  5  W,  respectivelyly.  The  same 
power  level  has  also  been  achieved  in  the  140  GHz 
transmitters.  In  this  presentation,  we  discuss  design  and 
fabrication  of  the  transmitters  and  give  the  performance 
descriptions. 

Magnetron  with  cold  secondary-emission  cathode 


oscillators  in  the  transmitters  developed.  There  are  two 
principal  differences  between  these  magnetrons  and  the 
conventional  ones.  Firstly,  in  order  to  improve  their  life 
time  and  reliability  and  to  make  them  capable  to  work  at 
high  duty  factor,  a  cold  secondary-emission  cathode  is  used 
instead  of  a  conventional  L-cathode.  The  secondary 
emission  is  initiated  by  an  auxiliary  thermal  cathode  placed 
outside  the  interaction  space  as  shown  in  fig.  1.  Secondly,  to 
reduce  the  values  of  anode  voltage  and  dc  magnetic  field, 
an  interaction  of  the  secondary  electrons  with  the  first 
backward  space-harmonic  of  the  nil  cavity  mode  is 
realized. 


Fig.l.  Schematic  representation  of  the  magnetron  with  cold 
secondary-emission  cathode 


Wave¬ 

length 

Peak 

output 

power 

(kW) 

Average 

power 

(W) 

Peak 

anode 

voltage 

(kV) 

Weight 

(kg) 

3 

20 

20 

18 

2.0 

3 

13 

10 

16.5 

2.0 

3 

5 

5 

15 

1.7 

3 

5 

40 

12 

2.0 

3 

1 

1 

6.5 

0.3 

2 

5 

5 

15 

1.7 

2 

1 

1 

9 

0.8 

Spatial-harmonic  magnetrons  with  cold  Table  1.  Specifications  of  the  95  and  140  GHz  magnetrons 
secondary-emission  cathode  have  been  used  as  high  power 
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These  approaches  resulted  in  the  development  of  a 
series  of  95  and  140  GHz  magnetrons  with  the  parameters 
s*™marized  in  table  1.  Their  life-time  is  around  1000 
hours.  The  5  and  1  kW  magnetrons  have  been  used  for  the 
transmitter  development. 

Modulator 

Due  to  a  difference  in  the  anode  voltage  and  the 
prime  power  required  for  the  5  and  1  kW  magnetrons,  two 
Opes  of  modulators  have  been  developed.  The  modulator 
for  the  1  kW  magnetrons  has  been  designed  as  a  direct 
drive  unit.  A  series  of  standard  12  MOSFET  stacks  has 

been  used  as  power  kqr.  Specifications  of  this  modulator 
are; 


possible  by  applying  of  other  ^  of  magnetrons 
developed. 


T95-5 

T95-1 

Peak  output  power.  kW 

5 

1 

Average  power  (max).  W 

5 

1 

Pulse  duration,  ns 

40-100 

50-200 

Duty  cycle  (max) 

1000 

1000 

Volume,  cm  ^ 

13500 

2000 

Weight  kg 

4.5 

2.5 

DC  supply  voltage.  V 

24 

24 

Watt  consumption  (max) 

100 

50 

Table  2.  Parameters  of  the  95  GHz  transmitter 


peak  anode  voltage(max)  -  9  kV 
average  power(max)  -  100  W 
pulse  duration-  40-100  ns 
volume  -1200  cm'^ 
weight  -1.5  kg 
efficiency  -80% 

DC  supply  voltage  -24  V 

For  the  5  kW  magnetrons,  a  high  voltage 
modulator  with  transformer  coupling  and  a  thyristor  stack 
as  power  key  has  been  designed.  The  modulator  parameters 
are: 


T140-5 

T140-5 

Peak  output  power.  kW 

5 

1 

Average  power(max).  W 

5 

1 

Pulse  duration,  ns 

40-100 

50-200 

Duty  circle  (max) 

1000 

1000 

Volume,  cm  ^ 

4500 

3500 

Weight  kg 

5.5 

5 

DC  supply  voltage.  V 

24 

24 

Watt  consumption  (max') 

100  50 

peak  anode  voltage(max)  -  15  kV 
average  power(max)-  200  W 
pulse  duration-  50-200  ns 
volume  -2500  cm"^ 
weight  -3  kg 
efficiency  -70% 

DC  supply  voltage  -24  V 

To  obtain  these  modulator  parameters  the 
following  solutions  have  been  introduced;  (i)  The 
synchronization  from  an  external  clock  of  all  DC-AC-DC 
converters  of  the  modulator  has  been  realized  at  a 
frequency  equal  to  the  pulse  repetition  frequency  in  order  to 
decrease  interferences,  (ii)  A  delay  line  has  been  used  the 
energy  storage  device  in  a  full  discharge  mode  operation, 
(iii)  The  pulse  charge  of  the  delay  line  has  been  realized 
fi-om  a  low  voltage  supply  by  using  an  intermediate 
inductive  storage  element,  (iv)  A  special  design  of  the  pulse 
transformer  of  the  modulator  has  been  developed  to 
decrease  pulse  distortion. 

Performance  of  the  transmitters 

OperaUng  parameters  of  the  developed  and 
produced  95  and  140  GHz  transmitters  are  sununarized  in 
table  2  and  3.  The  transmitters  are  built  as  single  compact 
t^ts  with  a  forced-air  cooling  system  incorporated  in 
them.  A  further  increase  of  both  peak  and  average  power  is 


Table  3.  Parameters  of  the  140  GHz  transmitter 
Conclusion 

Recent  advances  in  design  and  realization  of  both 
magnetrons  with  cold  secondary-emission  cathode  and 
solid-state  modulators  enabled  the  development  of  95  and 
140  GHz  t^mitters,  which  possess  attractive  operating 
characteristics  and  which  can  find  wide  applications  in 
practical  systems. 
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Abstract 

A  new  type  of  artificial  nonlinear  sur&ce  has  been  developed 
using  antenna  coupled  mixers  with  optical  interconnects  for 
millimeter  wave  phase  conjugation.  A  prototype  linear  array 
surface  has  demonstrated  two-dimensional  free  space  phase 
conjugation  at  10  GHz. 

Introduction 

Since  its  first  demonstration,  optical  phase  conjugation  has 
been  studied  intensively.  Most  of  this  interest  can  be  traced  to 
potential  applications  in  imaging  processing  and  in  dynamic 
compensation  for  distortion.  This  technique  utilizes  the 
nonlinear  susceptibility  of  a  medium  to  reverse  the  phase 
factor  of  an  incoming  wave.  The  phase-conjugate  wave 
propagates  backward  and  has  the  same  wavefronts  as  that  of 
the  incoming  wave.  This  unique  property  of  phase-conjugate 
waves  is  useful  in  applications  requiring  automatic  pointing 
and  tracking,  phase  aberration  corrections,  phase-conjugate 
resonators,  and  many  other  devices.  To  date,  most  of  the 
phase  conjugation  development  has  been  concentrated  in  the 
optical  (visible  and  ER)  regime.  Efforts  to  extend  this 
technique  to  microwave  and  millimeter  wave  (MMW)  have 
encountered  severe  difficulties  due  to  the  small  nonlinearity  of 
materials  and  the  low  power  density  at  these  wavelengths.  In 
the  search  for  alternative  media  suitable  for  the  use  in  MMW 
nonlinear  optics,  artificial  media  were  found  to  have  much 
larger  nonlinearities  than  that  of  crystals.  Using  shaped 
microparticle  suspensions,  microwave  phase  conjugation  has 
been  demonstrated  in  a  waveguide  environment  using  a 
degenerate  four-wave  mixing  (DFWM)  technique.  [1]  In  this 
study,  the  basic  concept  is  to  replace  the  weak  nonlinearity  of 
electron  distribution  in  a  crystal  with  the  strong  nonlinear  V-1 
response  of  a  P-N  junction.  Using  an  array  of  antenna 
coupled  mixers  with  optical  interconnects  as  an  artificial 
nonlinear  surface,  we  have  demonstrated  two-dimensional  free 
space  phase  conjugation  at  10  GHz. 

Concepts 

It  has  been  proven  theoretically  that  if  a  wave  is  conjugate  to 
another  at  a  certain  plane,  they  will  conjugate  to  each  other 


everywhere.  In  other  words,  phase  conjugation  can  be 
achieved  using  a  strong  nonlinear  surfece  instead  of  a  block  of 
weak  nonlinear  crystal.  To  realize  this  theory,  we  turn  to  the 
nonlinear  V-I  characteristic  of  diodes.  Microwave  circuits 
that  combine  antennas  and  microwave  mixers  can  effectively 
replace  the  nonlinear  dipoles  of  a  medium.  The  idea  is  to 
“sample”  the  incident  wave  at  different  positions  of  the 
wavefront  and  then  generate  phase-conjugate  currents  using 
microwave  mixers.  These  currents  will  then  excite  a  phase- 
conjugate  field  at  each  sampling  point.  The  combined  field  of 
all  elements  will  be  the  phase-conjugate  wave  of  the  incident 
beam.  This  sampling  concept  was  proposed  in  the  60’s,  but 
due  to  the  lack  of  modem  semiconductor  and  optical 
technologies,  researchers  did  not  have  a  practical  way  to 
realize  the  concept.  [2]  To  understand  how  the  conjugate 
signal  can  be  generated  at  each  element  using  microwave 
circuitry,  let’s  consider  the  incident  electric  field  at  the  /' 
element; 

E  =  A(r^)e'‘"'^^’+c.c. 

where 

9j=^-rj+<p{rj) 

The  signal  picked  up  by  the  antenna  and  then  sent  to  the  RF 
port  of  the  mixer  can  be  written  as: 

Now  consider  a  2<a  signal  delivered  to  the  LO  port  of  the 
mixer  given  by: 

This  20)  pump  signal  has  to  be  delivered  to  all  elements  at  the 
same  amplitude  and  phase;  otherwise  the  mixed  output  will 
contain  a  term  other  than  that  depends  on  j.  If  this 

happens,  the  sum  of  the  excited  field  at  each  element  will  be 
distorted  and  will  not  form  the  conjugate  beam.  Optical 
interconnection  is  the  crucial  technology  implemented  to  carry 
this  2o)  microwave  pump  signal  in  phase  to  all  mixing 
elements  because  of  its  low  loss,  light  weight  and  small  size 
compared  to  the  microwave  counterpart.  Using  difference 
frequency  generation  in  a  mixer,  the  IF  output  current  can  be 
written  as: 
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This  current  component  has  the  conjugate  phase  instead 
of  the  input  phase  —<pj .  Therefore  when  it  is  delivered  to  the 
antenna,  it  will  excite  the  conjugate  field  at  fy ; 

•E^(r,)ocA(ryy<“^>4c/:. 

When  the  sampling  spacing  is  less  dian  die  combined 

field  Ec  =2Eo(*V)  die  phase-conjugate  wave  on  the 
1 

sampling  surface  and  therefore  everywhere.  Computer 
simulation  has  shown  that  the  quality  of  the  conjugate  wave  is 
limited  by  the  size  of  die  conjugation  surfece,  not  the  element 

spacing,  as  long  as  die  interelement  spacing  is  less  than  — 

2  ■ 

Demonstration 

To  demonstrate  the  above-mentioned  concepts,  we  have  built 
an  8-element  one-dimensional  array  with  optical  interconnects 
to  deliver  the  Im  pump  signals.  Figure  1  shows  the 
configuration  of  each  element 


Photodetector  Low  Noise 
Amplifier 


Figure  1.  The  configuration  of  a  phase-conjugate  element 
used  in  this  study. 


4 

modulated  by  the  I0  (20.48  GHz)  signal.  TTie  lo  pump 
Signal  IS  delivered  to  each  element  using  optical  fibers.  It  is 
then  exacted  by  a  photodetector  to  be  used  as  the  LO  signal 
for  mixing.  The  amplitudes  of  all  phase-conjugate  elements 
are  matched  to  within  ±2%.  The  phases  are  matched  to 
within  ±0.2  ps  (0.2%).  The  conjugate  electric  field  of  two 
transmitting  horns  is  measured  and  shown  in  Figure  2. 


«  4J  so  ss 

Without  Distortion  With  Distortion 


Figure  2.  The  contour  plots  of  the  phase-conjugate  electric 
field  of  two  sources  at  +15»  and  -20°.  They  demonstrate 
multiple-source  retrodirectivity  and  automatic  phase 
correction  when  a  distorting  medium  is  inserted  in  front  of  the 
conjugator.  The  four  black  dots  represent  the  transmitting 
horns  and  brighter  color  represent  higher  field  in  the  plots. 
Reflections,  down  by  about  10  dB,  also  appear  adjacent  to  the 
conjugate  signals. 


Since  we  plan  to  demonstrate  two-dimensional  free  space 
phase  conjugation  using  a  one-dimensional  array,  we  have 
chosen  to  separate  the  transmit  and  the  receive  antennas  for 
simplicity.  This  means  the  sampling  of  the  incident  field  and 
the  excitation  of  the  conjugate  field  happen  at  the  same  (x,  y) 
coordinates  but  slightly  different  2  coordinate.  This  small 
shift  in  the  z  direction  will  only  disturb  the  electric  field 
distribution  on  the  2  =  0  plane  to  a  negligible  level. 

In  this  demonstration,  the  RF  frequency  is  set  at  10.24  GHz 
A  diode-pumped  Nd:YAG  laser  is  used  as  the  light  source. 
The  optical  wavelength  is  at  1319  nm,  with  a  linewidth  <  5 
KHz.  The  l^er  light  is  directed  into  a  Mach-Zehnder  optical 
modular  using  a  polarization  preservation  fiber  and  is 


Conclusions 

We  have  demonstrated  two-dimensional  phase  conjugation  at 
10.24  GHz  with  diffraction  limited  results  using  an  optically 
injected  artificial  nonlinear  microwave  array.  By  extending 
this  linear  array  into  a  two-dimensional  surface,  complete 
wavefront  reconstruction  can  be  realized  at  microwave  and 
millimeter  wave  frequencies. 

(1]  R.  Shih,  H.  R.  Fetterman,  et  al.,  “Microwave  phase 
conjugation  in  a  liquid  suspension  of  elongated 
microparticles,”  Phys.  Rev.  Utt,  vol.  65,  no.  5.  pp  579- 
582,  1990. 

[2]  C.  C.  Cutler,  R.  Kompfher,  and  L.  C.  Tillotson,  “A  self- 
steering  array  repeater,”  Bell  Syst.  Tech.  J.,  vol.  42,  pp 
2013-2032,  1963. 
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Abstract 


Fr^nel  zone  plate  (FZP)  antennas  are 
normally  designed  for  a  particular  center  frequency. 
However,  it  is  possible  to  so  design  the  zone  plate  that 
it  will  function  well  at  2  or  3  widely-spaced  frequency' 
bands,  providing  narrow  beamwidth  and  high  gain. 
The  theoiy  for  this  approach  will  be  described,  and 
examples  will  be  given  of  a  FZP  designed  for  such 
combined  operation. 


Background  and  Analysis 


The  phase-correcting  Fresnel  zone  plate  (FZP) 
antenna  is  a  stepped  planar  lens  [1-4].  The  response 
of  the  zone  plate  is  frequency  dependent,  and  the 
intensity  at  the  focal  point  exhibits  a  periodic  behavior 
with  frequency.  The  theory  for  this  response  was 
derived  in  the  earlier  papers  [1,2].  It  was  also  pointed 
out  that  a  zone  plate  corrected  to  a  quarter  wavelength 
(quarter-period)  at  a  particular  frequency  behaves  as  a 
h^-wave  plate  at  twice  that  frequency.  Thus,  with 
appropriate  design,  one  might  develop  an  FZP 
optimized  for  two  or  more  frequency  bands. 

The  simplest  zone  plate  is  one  where  alternate 
concentric  zones  are  opaque  (semi-opaque  FZP),  but 
this  design  is  very  inefficient  The  phase-correcting 
FZP  utilizes  all  zones,  introducing  phase  delay  in 
alternate  zones  that  approximates  the  correct  delay.  A 
half-wave  correcting  FZP  has  a  6  dB  higher  intensity 
at  the  focus  than  the  semi-opaque  zone  plate,  while  a 
quarter-wave  correcting  FZP  has  an  additional  3  dB 
higher  intensity  at  the  focus  compared  to  a  half-wave 
plate  [3,4]. 


The  design  equations  for  a  phase-correcting  zone  plate 
(FZP)  involve  the  depth  of  cut  (d)  and  the  zone  outer 
radii  (r„),  as  foUows: 

d=  X 

P(Ve-l) 

r„=  [2na  + 

P 

where  X  =  wavelength  in  cm,  P  =  degree  of  phase 
correction,  b  =  dielectric  constant,  n  =  number  of  the 
zone,  f  =  focal  length.  At  30  GHz  (X  =  1  cm),  for  a 
focal  length  of  50  cm  and  a  quarter-wave  correction 
(  P  =  4),  we  obtain: 

d  =  _l _ 

4(V8-1) 

ri  =  5.00625  cm 


If  we  make  the  calculations  for  60  GHz  (X  =  0.5  cm,  P 
=  2,  f  =  50  cm)  the  values  of  d  and  ri  are  equal  to 
those  above.  A  check  of  rj  values  show  them  also  to 
be  equal  to  each  other.  Thus,  a  zone  plate  designed  as 
above  will  have  high  gain  and  narrow  beamwidths  at 
frequency  bands  around  30  and  60  GHz,  and  low  gain 
at  intermediate  frequency  ranges.  If  the  design  were 
for  an  eighth-wave  correction  at  15  GHz,  then 
performance  would  be  excellent  at  bands  around  15, 
30,  and  60  GHz. 

A  more  unusual  design  dealing  with  bands  at  30  and 
90  GHz  (3:1  ratio)  is  also  possible.  For  the  30  GHz 
case,  assume  P  =  6  and  the  focal  length  is  50  cm. 
Then: 
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d  =  _l _ 

6(Ve-l) 

ri  =  riOO+  11'^  =  4.0859 
[6  36  ] 


Conclusions 

Multiple-frequency  band  designs  for  FZPs  are 
possible.  Two  different  examples  have  been  described. 


At  90  GHz  (X  =  1/3  cm  and  P  =  2): 
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d  =  _1 _  ,  r,  =  4.0859 

6(Ve  -1) 

The  two  d  values  are  equal,  as  are  the  Ti  values.  This 
FZP  will  therefore  provide  narrow  beamwidths  and 
high  gain  at  30  and  90  GHz.  But,  also,  assuming  that 
the  same  aperture  is  being  used  at  both  frequencies, 
the  higher  one  will  have  an  additional  gain  frctor, 
because  the  aperture  diameter  in  wavelengths  is  3 
times  larger  (gain  is  proportional  to  diameter  squared). 
Thus,  a  gain  factor  of  9  (9.5  dB)  is  added  and  the 
higher  frequency  should  have  several  dB  larger  gain. 
(The  actual  amount  will  depend  on  the  amplitude  taper 
across  the  aperture.)  Surprisingly,  we  obtain  a  design 
that  is  excellent  at  both  bands. 
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Abstract:  Coherent  Terahertz  radiation  from  GaAs  photo- 
conducting  antennas  was  demonstrated.  To  this  aim,  we 
combinate  for  the  first  time,  to  our  knowledge,  a  large  aperture 
(3.5mm)  GaAsrCr  photoconducting  antenna  for  the  transmitter 
and  a  small  gap  (25|LLm)  transmission  lines  printed  on  low- 
temperature  grown  (LTG)  GaAs  epilayers  for  the  receiver. 
Correlation  measurements  by  electro-optic  sampling 
techniques  show  sub-picosecond  pulses  (FWHM  750fs) 
governed  by  carrier  life  time  in  LTG  GaAs. 


Introduction:  Pulsed  electromagnetic  radiation  with  terahertz 
bandwith  but  relatively  limited  power  have  been  produced  over 
the  past  by  means  of  femtosecond  optical  pulses  incident 
notably  upon  Hertzian  dipoles,  strip  lines  and  spiral  antennas 
[1].  For  many  applications  however  high  peak  power  is 
required  thus  motiving  the  developpment  of  large  aperture 
antenna  which  accept  high  optical  power  and  high  applied 
voltage  [2]  [3].  We  present  an  experiment  which  use  a  high 
repetition  rate  regenerative  amplifier  (up  to  300kHz)  which 
permit  to  report  an  alternative  approach  for  producing  high 
peak  power  electromagnetic  pulses  which  combines  a  large 
aperture  emitter  antenna  and  a  small  gap  striplines  detector 
antenna.  In  addition  ,  we  have  used  non  stochiometric  low 
temperature  grown  GaAs  which  offer  great  potential  as 
extremelly  fast  photoconducting  detectors. 

Material  Gro'^th:  Low-temperature  grown  (LTG)  GaAs 
epilayers  were  used  for  implementing  the  detecting  antenna. 
Unlike  GaAs  materials  grown  at  substrate  temperature  of 
about  600°C,  LT-GaAs  contains  a  high  concentration  of  deep 
defects  which  promote  carrier  recombination  while 
maintening  a  good  crystal  quality.  Optically  generated  carriers 
thus  recombine  at  rates  order  of  magnitudes  faster  than  for 
higher  grown  materials.  The  film  structure  consisted  of  a  0,13 
microns  thichk  GaAs  buffer  layer  grown  at  600°C  and  a 
Imicrons-thichk  LT  GaAs  grown  at  2(X)°C  under  normal  AS- 
stabilized  conditions.  All  layers  were  grown  nominally 


Villeneuve  d'Ascq  Cedex,  France, 


undoped.  Besides,  no  post-growth  anneal  was  perform  in  order 
to  have  the  faster  decay  time  [4]. 

Experimental  Setup:  Femtosecond  laser  pulses  were  obtained 
from  a  Coherent  Titanium:Saphire  MIRA  laser,  pumped  by  a 
25  W  argon  laser,  tune  to  800  nm  and  subsequently  amplified 
by  a  regenerative  amplifier  REGA.  The  8(X)  nm  wavelenght 
was  chosen  because  it  was  approximately  lOOmeV  above  the 
gap  of  normal  GaAs  avoiding  satellite  valley  conduction.  At 
the  ouput,  the  optical  pulse  duration  was  2(X)  fs,  with  4.5  |LLJ 
energy  and  200  kHz  repetition  rate.  This  optical  beam  was 
split  into  two  beams  (Figure  1).  One  beam  with  98%  of  the 
net  intensity  was  delivered  from  the  front  side  to  the 
transmitting  antenna  with  approximately  a  diameter  excitation 
spot  equal  to  the  antenna  gap.  This  corresponds  to  an  optical 
fluence  of  about  0.04mJ/cm^  [2].  The  second  beam  which 
contains  the  remainder  of  optical  intensity  was  focused  to  the 
receiver  to  gate  the  detector.  In  addition,  a  delay  line  permits  a 
path  ajustement  between  the  pump  and  probe  beams.  For 
collimating  the  THz  pulses  radiating  from  GaAs:Cr  substrate, 
we  positionned  on  the  back  side  of  the  samples  an  elliptic 
mirror  whereas  a  paraboloidal  reflector  was  used  to  focus  the 
Terahertz  radiation  on  the  detector. 

Results:  By  means  of  pump-probe  femtosecond  time 
arrangement  the  measurement  of  the  photocurrent  is  a 
convolution  of  the  radiated  field  and  of  the  conductivity  of  the 
detector,  but  generally  the  response  of  the  receiver  can  be 
eliminated  by  making  comparative  measurements.  Figure  2 
shows  the  variation  of  the  detected  under  these  conditions 
versus  time.  A  sharp  peak  in  THz  waveform  can  be  seen  with 
a  Full  Width  at  Half  Maximum  (FWHM)  of  750  fs  followed 
by  replica  which  result  directly  from  the  reflection  of  the 
radiation  at  semiconductor-air  interfaces.  The  delay  between 
each  pulse  is  about  8.3ps.  It  can  be  checked  that  this  time 
corresponds  to  2w/v,  where  w  and  v  are  the  GaAs  substrate 
thickness  and  v  the  speed  of  electromagnetic  field  in  the 
semiconductor  medium.  In  addition,  the  relative  amplitude 
between  the  pulses  is  =0,35  . 
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Figure  1:  Pump-probe  femtosecond  experimental  setup 
combining  a  large  aperture  Crrdoped  GaAs  emitter  antenna  and 
a  stripline  LTG:GaAs  detector  antenna 


Figure  3:  Spectral  response  obtained  by  Fourier  transform  of 
the  temporal  shape  (solid  lines)  and  of  the  truncated  signal 
(dashed  lines) 


Delay  (picoseconds) 


demonstrating  short  pulses  are  agreement  with  the  theory  of 
large  aperture  antennas  [2].  Indeed,  it  can  be  shown  that  the 
radiated  field  is  related  to  the  first  derivative  of  the  current 
density  in  the  biased  photoconductor  and  hence  do  not  depends, 
for  the  positive  part  of  EKt),  on  the  rather  long  carrier  lifetime 
in  GaAs  S-I  substrate.  In  contrast,  it  is  imperative  to  use  LT 
GaAs  with  short  duration  of  photo-conductivity  for  observing 
the  submillimctcr  radiation  by  electro-optic  sampling.  In  the 
present  experiment,  maximum  biased  field  was  I.5KV/cm,  we 
expect  lurihcr  improvement  in  this  experiment  by  increasing 
this  threshold  voltage. 
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Figure  2:  Temporal  response  of  the  EM  field  convolved  with 
transient  photoconductivity 


The  fresncl  formulas  for  reflection  at  a  plane  interface  on  the 
basis  of  energy  conservation  gives  an  expected  ratio 

[(n-l)/(n  +  l)]  of  0,3  assuming  an  index  of  refraction 
n=3,3,  in  good  agreement  with  experiment.  Due  to  this 
multiple  reflection  mechanism,  the  corresponding  Fourier 
transform,  depicted  in  Figure  3,  shows  multi-peaked  variation 
versus  frequency.  In  order  to  estimate  the  radiated  spectrum  free 
of  these  reflections,  we  also  performed  the  Fourier  transform 
of  a  single  pulse,  whose  frequency  transform  is  plotted  in 
dotted  lines.  The  maximum  amplitude  was  centered  around  140 
GHz  with  radiated  signal  up  to  1,5  THz.  These  results 
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Abstract 

We  have  fabricated  a  16-element  unstressed  Ge:Gafer-infiared 
photoconductor  array  with  monolithic  structure.  The 
drtector  has  a  longitudnal  configuration,  and  the  sensitive 
area  ofone  pixel  is  0.5  X  0.5  mml  The  spacing  between 
pixels  is  0.05  mm,  and  the  length  between  electrodes  is  0.5 
mm.  The  lesponsivity  and  the  noise  equivalent  power 
(NEP)  of  the  linear  array  detector  in  the  first  fabrication  of  the 
development  adiieved  7.6  A/W  and  2. 1  X  10  W/Hz*^ 
respectively  for  15  Hz  chopped  light  at  an  operating 
temperature  of  2.0  K  and  atabias  fieldof  1.6  V/cm. 

Introduction 

Gallium-doped  germanium  (Ge;Ga)  extrinsic  semiconductors 
have  been  used  as  sensitive  far-infrared  detectors  with  a  cutoff 
wavelength  at  110  pm,  especially  for  tqjplications  in 
astronomy  and  far-infrared  spectroscopy.*''  '^'  Development 
of  arrays  of  dopeclGe  photooonductors  is  now  an  impKjrtant 
target  for  research  fields  to  take  far-infiared  two-dmensional 
images.*’'  *^'  In  order  to  fabricate  a  two-dmensional  Ge:Ga 
photocondtictor  array,  it  is  necessaiy  to  make  a  transparent 
electrode  for  placing  the  detectors  in  a  “longitucfinal” 
configuration  in  which  the  electric  field  is  applied  parallel  to 
the  photon  influx.  This  configuration  is  more  suitable  for 
constructing  a  two-dmensional  format  than  the  transverse 
configuration  in  whidi  the  applied  electric  field  and  the 
resulting  current  flow  are  transverse  to  the  incident  photon 
influx.  In  this  paper,  we  report  on  the  performances  of  the 
16-element  unstressed  Ge:Ga  linear  array  in  the  first 
fabrication  of  the  development  as  well  as  the  loss  of  far- 


infiared  radiation  through  the  transparent  electrode. 

Characteristics  of  transparent  electrode 

The  transparent  electrode  must  be  good  in  two  characteristics 
which  are  transmission  of  far-infiared  radation  and  ohmic 
contact.  The  transparent  electrode  was  made  by  implanting 
B*  ions  on  one  surface  of  a  Ge:Ga  wafer.  The  Ga 
concentration  of  this  wafer  was  2X 10'^  cm'^.  B'*'  ions  were 

implanted  at  a  density  of  5  X 1  O'’  ions/cm*  at  40  keV  and  the 
Ge:Ga  wafers  were  heated  to  320^^  for  1  h  in  an  atmosphere 
of  N2.  The  far-  infrared  transmissions  of  the  ion-implanted 
Ge:Ga  specimens  were  measured  at  a  temperature  of 
approximately  4.2  K  by  use  of  a  Fourier  spectrometer  and  a  S  i 
bolometer.  We  measured  the  transmission  of  far-infiared 
radation  through  Ge:Ga  with  and  without  B^  ion- 
implantation  and  undoped  Ge  wafers  in  comparison.  The 
thickness  of  sp>ecimens  were  1  and  0.5  mm  for  each  sample. 
We  estimated  the  far-infiared  absorption  of  the  B*  layer  by 
comparing  the  transmission  before  and  after  ion-implantation. 
Fig.  1  shows  the  transmittance  of  Ge:Ga  wafer  as  a  function 
of  wave  number.  In  the  40-130  cm  '  spectral  region,  ,  the 
transmittance  of  the  Ge:Ga  wafers  with  the  B*  ion  layer 
decreased  It  is  considered  that  the  ion-implanted  layer 
reduces  the  number  of  signal  photons  due  to  free  carrier 
absorption.  Strorig  absorption  lines  at  68  and  74  cm"'  can  be 
consistent  with  lines  labeled  D  and  C  by  Haller  and  Hansen, 
which  are  transitions  from  the  ground  state  level  to  higher 
energy  states  of  gallium  acceptor.'”  '*'  The  transmission  of 
far-infiared  radation  through  the  ion-  implanted  layer  at  a 
wavelength  of  lOO-pm  was  about  84%. 
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Wave  number  (cm"*) 


Fig,  1  Transmittance  of  far-infrared  radiation  of  Ge:Ga 
wafers  with  and  without  transparent  ion-implanted  layer 

Fabrication  of  linear  array 

We  chose  a  0.5  mm-thick  wafef  for  the  first  febrication  of  the 
array  detector.  After  ion-implantation  of  the  transparent 
electrode,  B*  ions  were  implanted  on  the  bade  metal 
electrode  at  a  dose  density  of  1 X 10'^  ions/cm*  at  40  keV  and 
2X10'^  ions/cm^  at  60  keV.  This  condition  was  the  same  as 
that  for  the  single-element  photoconductors  with  two  metallic 
ohmic  electrodes.'^’’**’  Following  a  5-min  annealing  in  N2 
atmosphere  at  320X3 ,  a  5000-  A  -thick  Au  on  500-  A  Cr  layer 
was  evaporated  onto  the  ion  implanted  surfaces.  To  bond 
gold  wires,  to  increase  conductance  on  the  front  surface,  and  to 
optically  separate  the  pixels,  a  metal  pattern  was  deposited  on 
the  transparent  electrode  as  shown  in  the  upperhalf  of  Fig.  2. 
Fig.  2  also  details  the  pattern  of  the  back  metal  electrcxle  of  the 
detector  array.  A  linear  array  was  fixed  with  silver  epoxy  on 
a  metallic  pattern  on  a  magnesium  oxide  plate.  In  the 
process  of  removing  excess  metal  on  the  front  electrode,  the 
transparent  electrode  on  the  window  was  regrettably  damaged, 
however,  the  ion  implanted  layer  remained  under  the 
metallized  surface.  The  dtehes  50  |im  in  width  and  10- 


fim  deqj  were  digged  on  the  back  metal  surface  by  wet  etching 
for  the  purpose  of  separating  pixels. 

Performance  of  linear  array 

We  measured  the  responsivity  andNEP  of  four  detectors  in  the 
16-element  array.  Typical  perfcKmance  of  the  detectors  is  as 
follows:  the  responsivity  and  NEP  are  7.6  A/W  and  2. 1 
X 10'“  W/Hz’’*,  respectively,  for  15  Hz  chopped  light  at  an 
opmting  tempaature  of  2.0  K  and  at  a  bias  field 
of  1.6  V/cm.  From  the  test  of  putting  photon  influx  on  to 
one  elemait,  it  was  estimated  that  the  crosstalk  between 
neighboring  pixels  was  8-14%.  We  supposed  that  main 
part  of  the  crosstalk  occurred  in  the  read-out  circuits. 


transparent  electrode 


SQtfa 

back  metal  electrode 

Fig.  2  Detail  of  16-element  linear  array  format 
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Abstract  -  The  fundamental  antenna  effects  of  a  circular 
metallic  patch  antenna  on  dielectric  substrate,  backed  by  a 
perfectly-conducting  ground  plane  are  investigated.  The 
solution  is  numerically  accurate  in  the  resonant  range  due  to  a 
sophisticated  method  used  Applications  to  millimeter  wave 
antennas  are  discussed 

1.  The  basic  properties  of  the  fields  excited  by  VED 
and  HMD  in  a  homogeneous  dielectric  substrate 

To  analyze  the  basic  properties  of  a  canonical 
substrate  (Fig.  1,  without  patch)  fed  by  coaxial  line  or 
elementary  slot,  the  problems  of  the  Hertzian  vertical 
electrical  dipole  (VED)  and  horizontal  magnetic  dipole 
(HMD)  are  solved  exactly.  Although  similar  problems  were 
considered  in  some  works  [1,2],  it  af^^ears  that  the  mentioned 
characteristics  have  been  studied  only  in  the  case  of  a 
horizontal  electric  dipole. 

The  Poyting  theorem  in  a  complex  form  (real  part, 
which  defines  the  power)  is  used  to  investigate  the 
fimdamental  effects  of  similar  structures. 

The  field-potential  components  for  the  infinitesimal 
dipoles  are  derived  by  using  Sommerfeld’s  method  in  the 
form  of  the  Fourier-Bessel  integrals.  After  that,  a  contour 
integration  is  used  in  order  to  compute  the  surface  wave 
power  in  the  transverse  magnetic  (TM)  surface  waves  excited 
by  VED,  and  in  the  transverse  electric  (TE)  and  hybrid 
surface  waves  of  HMD.  The  space-wave  radiation  pattern  is 
obtained  by  application  of  the  saddle-point  method 

Some  typical  rezulls  are  presented  in  Fig.  2  and 
Fig.3.  They  show  the  radiation  efficiency  versus  the  substrate 
thickness  for  different  media.  In  each  case,  the  maximum 
radiation  efficiency  is  obtained  either  at  the  cutoff  frequency 
of  a  surface  mode  (a  threshold  phenomenon,)  or  at  the 
frequency  of  an  interference  peak.  As  it  is  seen,  the  radiation 
efficienc}^  in  the  case  of  HMD  excitation  is  greater  and 
decreases  more  slowly  than  in  VED  excitation  case  with 
larger  h!  X 

2.  Accurate  analysis  of  fundamental  wave 
phenomena  in  the  circular-patch  antenna. 

Metallic  patches  printed  on  dielectric  substrates  are 
widely  used  in  antenna  applications.  From  theoretical  point  of 
view,  such  a  patch  of  circular  geometry  is  canonical  one  for  a 
wide  class  of  patch  antennas  on  layered  substrates.  The 
known  literature  contains  the  numerous  analyses  of  various 


Figure  1.  Geometry  of  the  problem 
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radiating  patches  done  approximate  circuit  theory  methods 
and  Ity  direct  application  of  the  Method  of  Moments  (MoM) 
[3].  Our  solution  of  the  difEraction  problem  ly  a  circular 
metallic  patch  (see  Fig.  1)  is  based  on  the  Method  of 
Regularization  (MoR)  approach  exploiting  the  analytical 
inversion  of  the  static  part  of  the  corresponding  firll-wave 
integral  equations.  Numerical  algorithm  based  on  MoR 
outperforms  conventional  moment-method  algorithms,  and 
has  controlled  accuracy  due  to  a  much  smaller  matrix  size 
and  few,  if  any,  numerical  integrations  for  filling  the  matrix. 

As  an  example  of  a  printed  antenna,  we  consider  a 
curcular  patch  excited  a  symmetrical  VED  source.  The 
problem  solution  consists  of  the  following  steps.  First,  dual 
integral  equations  are  to  be  derived  based  on  the  different 
boundary  conditions  on  the  patch  and  on  the  substrate-free- 
space  interface  and  using  the  Fourier-Bessel  transform.  Due 
to  the  presence  of  the  metal  ground  plane  and  the  dielectric 
layer,  the  integrand  functions  are  determined  1^  the  Green's 
function  of  the  stratified  medium.  In  terms  of  the  normalized 
coordinate  r: 

f 

GO  00 

\a{K)p{K)J^  {Kr)dK  =  J F^{K)  J^  {Kr)K^dK  (r  ^  1) 

,  0  0 

00 

J  a  {K)J^  {Kr)dK  =  0  (r  >  1) 

,0 

where  aitc)  is  an  unknown  fimction,  ;?(«■)  is  a  function 
depending  on  the  media  parameters.  Right  hand  part 
integrand  (rr)  is  determined  by  the  excitation,  e.g.  by  the 
location  of  the  VED  source. 

The  weight  function  has  a  number  of  poles 

correspond  to  the  surface-wave  and  leaky-wave  modes  of  the 
substrate,  respectively. 

Further  we  expanded  of  the  unknown  function  like 

follows: 


where  the  expantion  functions 

-  V4/2  +  5  ^2„+5/2  (at)  y—  , 

yjK 

so  that  they  are  proportional  to  the  spherical  Bessel  functions. 

Such  a  choice  of  the  basis  functions  allows  to  invert 
the  static  (singular)  part  of  the  dual  integral  equations 
analytically  and  provides  satisfying  the  edge  condition  on  the 
patch  rim.  Futhermorc,  the  second  equation  in  the  set  is 
satisfyed  identically  [4]. 

Extracting  the  static  (singular)  part  of  the  dual 
integral  equations  is  done  by  introducing  the  function  £1{k)  , 
such  that 


«W  =  -7 - 

tanh(r2^)j 

Further,  using  the  property  of  orthogonality  of  the  Bessel 
functions  [4],  the  infinite  matrix  equation  of  the  Fredholm  2- 
nd  kind  in  transform  domain  is  obt^ed; 

00  «>  CO 

Q  -  Z  Q  J  V'*  {K)0{K)dK  =  J  {k)F,  {K)dK 

n=0  0  0 

The  matrix  elements  here  have  rapidly  decaying  kernels  and 
is  efficiently  computed  Ity  a  simple  numerical  procedure.  Note 
that  analytical  inversion  of  a  part  of  original  operator 
essentialy  ejqjloits  the  circular  sha^  of  the  patch. 

Next  is  the  numerical  investigation  of  the  far  field 
radiation  patterns,  near  field  structure,  surface  modes,  and 
other  values  of  interest  such  as  radiation  efficiency  and 
directivity.  This  results  will  be  presented  in  the  conference. 
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Abstract 

The  challenges  for  high-gradient  mm-wave  driven 
colliders  are  reviewed.  Requirements  on  power  sources  are 
examined,  and  a  particular  tube  is  considered  for 
illustration.  Research  topics  relevant  to  a  compact  1  GeV 
linac  are  noted  throughout. 

Introduction 

High-energy  physics  is  an  experimental  science 
whose  reach  is  limited  by  its  instruments,  accelerators[l]. 
While  theorists  look  toward  the  5  TeV  frontier[2],  the 
highest  energy  linear  collider,  the  Stanford  Linear  Collider 
(SLC)  operates  at  0.05  TeV[3].  This  disparity  reflects  the 
status  and  the  cost  of  the  technology  required  to  meet  the 
collider  scalings[4],  relations  that  determine  the  useful 
event  rate  and  the  accelerator  size  and  power  consumption 
in  terms  of  a  couple  dozen  major  machine  parameters.  It 
is  an  open  question  how  or  whether  a  5  TeV  center-of- 
mass  energy  machine  could  be  built  There  is  no  technical 
solution  at  present  for  such  a  machine,  but  if  one  could 
be  found,  without  innovation  in  rf  technology,  it  would 
be  somewhere  between  30  and  300  km  long[5]. 

To  escape  this  trend  toward  great  lengths,  a  high- 
gradient  accelerator  is  required.  For  example,  a  5  TeV 
collider  fitting  on  the  existing  SLAC  site,  would  require  a 
gradient  of  1  GeV/m  or  more.  Yet  it  is  impossible  to 
conceive  of  an  electron  collider  operating  with  such  a 
gradient  relying  on  known  collider  technology.  Inventions 
are  required.  This  is  why  accelerator  physicists  are 
interested  in  the  subject. 

In  this  work,  we  look  beyond  what  can  be 
engineered  today,  and  ask  what  manner  of  basic  research, 
in  high  power  microwave  systems  might  be  fhiitful  for 
the  machines  of  the  future. 


Problems  of  High  Gradient 

For  the  linac  proper  one  must  account  for  trapping, 
breakdown,  and  pulsed  heating.  These  phenomena  are 
represented  quantitatively  in  Fig.  1.  Trapping  refers  to  the 
acceleration  from  rest  of  field-emitted  electrons  in  the 
structure;  trapping  fraction  is  a  function  of  the  product 
GX  of  the  gradient  G  and  the  rf  wavelength  X,  and  may  be 
computed  using  the  binding  field  expression[6]. 

Breakdown  is  a  phenomenological  problem  at 
present,  but  it  does  exhibit  a  clear  pulse  length 
dependence.  The  curve  in  Fig.  1  is  an  extrapolation  for 
pulse  length  equal  to  the  natural  fill-time  of  a  travelling 
wave  structure  with  attenuation  parameter  t^l[7).  Pulsed 


heating  refers  to  the  deposition  of  heat,  by  Ohmic  loss,  in 
the  conducting  structure,  in  a  single  pulse.  For  a  pulsed 
temperature  rise  AT,  the  corresponding  gradient  is  given 
by. 

for  idealized  rectangular  pillbox  cells,  in  a  constant 
gradient  structure  with  attenuation  parameter  and 
pulse  length  equal  to  a  fill  time. 


Figure:  1  Current  state  of  the  art  in  high-gradient 
accelerator  research. 

Also  seen  in  Fig.  1  are  gradients  achieved  at  present, 
including  results  for  Laser  Wakefield  Accelerator 
G-^WFA),  Plasma  Beat-Wave  Accelerator  (PBWA)[8],  and 
several  O.STeV  collider  concepts[9].  The  block  marked 
"SLC"  extends  from  20MV/m  as  for  a  typical  structure, 
to  40MV/m  as  for  certain  higher  gradient  structures  on 
the  linac. 

These  scalings  imply  that  high-gradient  requires 
short-wavelength.  For  a  1  GeV/m  linac,  interest  begins  in 
the  W-Band,  75-1  lOGHz.  We  have  added  a  cross-mark  in 
Fig.  1  as  a  helpful  landmark,  corresponding  to  1  GeV/m. 
The  corresponding  frequency  is  close  to  91-4GHz 
(3.3mm),  the  32nd  harmonic  of  the  SLC  fundamental 
frequency,  2.856GHz. 

The  curves  of  pulsed  temperature  rise,  in  Fig.  1, 
make  clear  that  such  a  linac  will  suffer  severe  pulsed 
heating,  and  the  conventional  travelling  wave  structure  we 
have  taken  as  our  paradigm,  will  surely  fail  short  of  1 
GeV/m.  To  be  sure,  it  is  yet  an  open  question  exactly 
what  cyclic  pulsed  temperature  rise  a  structure  can 
withstand  and  this  is  the  subject  of  ongoing  research  on 
materials  under  conditions  of  high-power  pulsed  rfilO,!  1]. 

In  addition,  based  on  experience  at  longer 
wavelengths,  one  would  expect  to  find  serious  problems 
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with  field  emission[7].  Even  with  a  very  low  field 
enhancement  factor  of  5,  a  gradient  of  1  GeV/m  would 
produce  explosive  electron  emission.  At  the  same  time, 
there  is  experimental  evidence  that  field  emission  is 
inhibited  on  short,  ns  time-scales[12],  and  this  is 
encouraging  insofar  as  the  natural  fill  time  for  a  W-Band 
structure  is  on  the  order  of  10ns,  and  contemplated 
exposure  times  are  below  Ins, 

Structures 


The  scalings  for  accelerating  structures  determine  the 
essential  considerations  for  the  rf  drivers.  For  copper 
accelerators,  optimized  for  [R/Q],  the  scaling  for  wall 
quality  factor,  implies  a  Q  of  2500  at  W-Band, 

and  a  field  decrement  time  r"10ns.  Achieving  the 
theoretical  Q  at  W-Band  is  not  taken  to  be  a 
straightforward  matter,  as  the  skin-depth  ^0.2pm  and 
thus  surface  finish  is  an  issue[13].  Theoretically  one  may 
obtain  [R/QTllOQ,  per  cell,  but  in  practice,  with  realistic 
beam-passing  apertures,  [R/Qr90Q,  is  typical.  The 
corresponding  shunt  impedance  per  unit  length  is 
220Ma/m. 

The  more  serious  constraint  here  is  the  fabrication 
tolerance  due  to  random  cell-to-cell  frequency  errors.  For  a 
structure  of  length  L„  with  group  velocity  J3,c,  operated  at 
free-space  wavelengA  these  are  characterized  by 

,  1  So)'^  e 


with  9  the  design  phase-advance  per  cell,  and  Sco/co  the 
fractional  frequency  detuning  error  of  one  cell.  The  loss 
in  no-load  voltage  for  a  Gaussian  distribution  in  S  with 
rms  Os  is 


^NL 

with  N  the  number  of  cells.  This  scaling  implies  a 
fabrication  tolerance  at  the  level  of  2|im  for  a  W-Band 
structure  operating  within  95%  of  optimal  no-load 
gradient.  Fabrication  of  such  structures  at  the  level  of 
3.5pm  is  now  an  accomplished  fact[14].  A  related,  but 
less  significant  constraint  is  the  tolerance  on  uniform 
errors.  For  a  uniform  fractional  deviation  S(0/(0  from 
synchronism,  the  loss  in  voltage  is  given  by 
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This  corresponds  to  a  ±10MHz  detuning  at  the  5%  level 
in  voltage. 

After  fabrication,  perhaps  the  most  significant 
objection  to  short  wavelength  structures  has  been 
Wakefields.  Wakefields,  it  has  been  demonstrated[15]  can 
be  dealt  with  in  a  constructive  fashion,  making  use  of  the 
structure  itself  as  a  beam-position  monitor,  and 
permitting,  in  principle,  precision  structure  alignment. 
The  most  significant  consequences  of  wakefields  at  W- 


Band  are  a  limit  to  the  charge  per  bunch,  to  60pC  or  less, 
and  the  problem  of  magnetic  lattice  fabrication[16]. 

One  additional  problem  arises  in  planar  structures: 
quadrupole  field  components[17].  These  would  likely 
require  dedicated  quadrupole-mode  structures  to 
compensate  their  effect  on  the  beam. 

Given  the  inextricable  relation  between  energy 
storage  and  bandwidth  in  a  passive  structure,  together 
with  the  high-bandwidth  implied  by  the  short  pulse 
needed  to  control  pulsed  heating,  active  elements  are  of 
great  interest  at  W-Band.  A  high-power  microwave  switch 
permits  resonant  energy  storage  in  a  large  volume, 
holding  down  fields  and  pulsed  heating.  “j2*‘Switching” 
then  permits  fields  to  be  discharged  in  a  short,  sub-ns 
time  interval,  lowering  the  pulsed  heating.  As  to  the 
choice  of  photoconductor,  diamond  looks  promising.  The 
thermal  conductivity  of  diamond  is  4-5  times  that  of 
copper,  fri500-2000W/°K-m.  The  bandgap  is  5.4eV,  so 
that  excitation  by  220nm  wavelengths  or  shorter  is 
required.  Experience  with  diamond  as  a  photo-conductor 
indicates  that  fields  of  order  lOOMV/m-lOOOMV/m  can  be 
held  off  on  a  |is  time  scale[18]. 

Tube  Requirements 

There  are  two  known,  and  quite  different  routes  to  a 
power  source  for  a  high-gradient  mm- wave  linac.  The  first 
is  the  class  of  concepts  known  as  two-beam 
accelerators[19].  For  these  concepts  one  has  no  particular 
concern  about  generating  adequate  peak  power  in  the 
appropriate  pulse  length.  Induction  linac  driven  FELs 
have  produced  2GW  at  wavelengths  from  1cm  to 
2mm[20,21].  Instead  research  areas  of  interest  concern  the 
more  subtle  issues  of  drive-beam  stability  and  phase 
stability,  issues  that  can  be  adequately  addressed  only  by 
the  construction  and  operation  of  a  prototype  facility.  In 
fact,  facilities  exist  that  have  some  affinity  for  such  work, 
for  example,  The  LELIA  accelerator,  operated  at  the 
Centre  d'Etudes  Scientifiques  et  Techniques  d'Aquitaine 
(CESTA),  generates  a  1  kA,  2.2  MeV  beam  with  an 
80  nsec  (FWHM)  pulse  length[19]. 

The  second  route  to  high  peak  power  at  W-Band  is 
through  a  modulator-driven  amplifier,  a  “tube”.  As  far  as 
accelerators  are  concerned,  the  present  state  of  the  art  in 
W-Band  tubes  is  quite  similar  to  that  of  S-Band  tubes  in 
the  pre-Mark  III  days[22].  Commercial  amplifiers  at  W- 
Band  provide  at  most  3-5  kW[23].  Gyroklystron  tube 
research  has  resulted  in  67  kW  power  levels  [24].  A 
planar  ubitron  has  been  operated  at  250  kW[25]. 
Regardless  of  the  kind  of  driver,  to  reach  1  GeV/m,  one 
needs  power  levels  in  the  range  of  200  MW,  for  pulse 
lengths  of  order  10  ns.  Two-beam  concepts  would 
generate  200MW  directly  in  a  10ns  pulse.  Tubes  on  the 
other  hand  would  be  matched  to  a  typical  modulator  pulse 
length  of  l|is  and  would  generate  lower  peak  powers,  but 
would  require  pulse  compression. 

For  tubes,  a  useful  research  goal,  matched  to  the 
linac  requirements  would  include  5MW  over  a  l|is  pulse, 
and  an  active  pulse  compression  system.  As  for  the  tube 
itself,  there  are  at  present  four  identified  lines  of  research 
and  development:  (a)  sheet  beam  klystron  (b)  sheet  beam 
ubitron  (c)  gyro-TWT  and  (d)  gyroklystron.  Of  these,  the 
gyroklystron  is  perhaps  the  most  advanced  [24].  A  low- 
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voltage  sheet  beam  klystron,  would  open  up  many  new 
possibilities  for  powering  an  accelerator  [27].  Most 
prominent  among  these  is  the  possibility  of  an  integrated 
power  source,  as  opposed  to  one  high-voltage  source 
followed  by  power  splitting  to  multiple  structures.  Given 
the  problems  of  attenuation  (IdB/ft)  in  a  fundamental 
mode  waveguide  network,  and  the  complications  of 
transport  and  mode-conversion  in  overmoded  guide,  a 
source  module  integrated  with  the  structure  is  an  attractive 
proposition.  Power  levels  in  excess  of  lOOkW  and  pulse 
lengths  of  order  a  microsecond  have  been  considered  for 
low-voltage  (50kV)  tubes. 

Planar  Ubitron 

For  illustration,  let  us  consider  a  particular  concept 
for  a  5MW,  Ips  tube:  a  planar  ubitron.  To  save 
development  time  and  cost,  it  is  desirable  to  fashion  a 
tube  that  could  run  on  an  existing  modulator.  This  sets 
the  beam  voltage  in  the  500kV  range,  let  us  say  480kV. 
To  characterize  performance,  we  employ  a  dispersion 
relation  including  waveguide  corrections,  space-charge, 
emittance,  energy-spread,  and  low-energy  corrections.  To 
reach  a  saturation  power  of  5MW  without  tapering  the 
wiggler,  requires  then  a  beam  current  of  295A, 
corresponding  to  0.9p,perv.  The  wiggler  wavelength 
should  be  on  the  order  of  1cm  and  1.16  cm  appears 
optimum.  One  hopes  eventually  to  arrive  at  a  tube 
adequate  as  a  collider  power  source,  and  for  this  reason, 
the  design  should  be  consistent  with  the  use  of  permanent 
magnets,  even  if  the  first  series  of  tubes  makes  use  of 
electromagnets.  This  constrains  the  wiggler  gap  to  a 
small  value,  0.4cm.  Focusing  in  the  vertical  is  provided 
by  the  wiggler  itself.  One  long  quadrupole  can  be 
employed  to  focus  in  the  horizontal,  at  the  expense  of 
some  vertical  focusing.  This  magnet  layout  is  similar  to 
that  employed  for  the  30  MW  X-Band  FEL  at  KEK[28]. 
With  these  parameters,  the  peak  wiggler  field  on-axis,  at 
optimal  gain  is  5.1kG,  well  within  the  7kG  Halbach 
limit  for  NdFeB  with  Vanadium  Permendur.  These 
wiggler  parameters  are  less  demanding  than  those 
produced  by  Cheng,  et  al.  [25].  Without  tapering,  the 
signal  saturates  in  60cm,  with  IkW  input. 

The  gun  for  such  a  tube  has  never  been  designed,  and 
thus  is  a  prominent  research  problem.  It  is  likewise 
prominent  in  the  sheet-beam  klystron  line  of 
development.  Needless  to  say,  long-lived  cathodes  with 
much  higher  loading  would  be  quite  helpful  for  such 
devices.  Leaving  a  50%  beam-clearance  in  height  and 
width,  the  current  density  in  the  wiggler  is  then 
750A/cm^  [15].  At  lOA/cm  at  the  cathode,  this  would 
require  75x  convergence,  le.,  convergence  in  both  planes, 
and  therefore,  3D  gun  design,  a  challenging  problem.  If 
we  ask  for  a  very  ambitious  cathode  loading  of 
100  A/cm^,  the  required  convergence  is  x  7.5,  and  the 
gun  design  could  approach  that  of  a  section  of  a 
cylindrical  diode;  in  this  case  avoidance  of  large  fields  and 
gun  arcing  will  be  a  concern. 

To  inhibit  tube  oscillation,  a  high  power  driver 
would  be  quite  helpful.  With  IkW  input,  and  gain  of 
37dB,  the  tube  becomes  unstable  against  oscillations  at  a 
VSWR  of  1.03  at  the  output.  This  highlights  the  fact 
that  there  are  actually  two  categories  of  tube  development 


required,  the  high-power  amplifier  and  the  driver  itself. 
Commericial  drivers  are  not  only  too  expensive,  they  are 
close  to  inadequate. 

Other  features  to  be  investigated  for  this  tube  are: 
(a)beam  transport  (b)beam  collection  (c)ouq)ut  coupling 
and  (d)the  gun.  Beam  transport  is  being  modelled  with  a 
three-dimensional  particle  in-cell  simulation.  Beam 
collection  in  the  first  tube,  at  low  repetition  rate  (lOHz) 
could  simply  amount  to  the  dispersal  of  the  beam  on  the 
vertical  waveguide  walls,  after  the  wiggler  exit,  over  the 
natural  5cm  space-charge  spreading  length  of  the  beam. 
Ouq)ut  coupling  from  TEoi  in  overmoded  guide,  and  the 
matter  of  a  window  will  be  important  problems  for  the 
output  assembly. 

It  should  be  emphasized  that  the  immediate  puipose 
of  a  5MW  tube  would  not  be  the  powering  of  an 
accelerator.  Such  a  tube  would  be  first  an  invaluable 
research  instrument  for  studies  of  field  emission, 
breakdown,  and  structure  damage.  It  would  permit  studies 
of  pulse  compression  in  the  pulse  length  range  of 
interest.  It  would  also  permit  tests  of  structures  at 
intermediate  gradients  (lOOMV/m),  without  pulse 
compression.  Eventually,  however,  such  a  tube  could  be 
extended  by  wiggler  tapering  to  the  20MW  level.  At  such 
a  power  level  and  with  an  active  pulse  compression 
network,  and  active  structures,  it  is  conceivable  to  power 
a  1  GeV,  1  meter  linac  with  eight  tubes. 

Conclusions 

The  challenges  for  a  high-gradient  mm-wave  linac 
are  immense,  and  this  is  what  makes  the  field  interesting 
in  the  first  place,  to  physicists.  It  has  been  forty  years 
since  the  advent  of  the  first  1  GeV  linac[5],  220  ft  long, 
powered  by  21  home-built  klystrons,  putting  out  20MW- 
— 30dB  more  than  anyone  thought  a  klystron  could  put 
out  a  decade  before[18].  Perhaps  the  next  wave  of  power 
tube  development  will  occur  at  W-Band. 
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Abstract 

In  a  number  of  cases,  relativistic  gyrotrons  and  Cyclotron 
Autoresonance  Masers  (CARMs)  look  easier  for  production  cf 
high  power  at  the  millimeter  and  especially  submillimeter 
waves  than  usual  subrelativistic  gyrotrons  and  FELs.  Due  to 
the  improvement  of  the  electron  beam  quality  the  eflSciency  cf 
the  CARM  was  recently  significantly  increased  and  practically 
achieved  the  theoretically  predicted  value.  The  technique  of  the 
beam  formation  allowed  also  the  realization  of  the  Large  Orbit 
Gyrotron  where  selective  excitation  of  the  lst-5th  cyclotron 
harmonics  at  the  wavelengths  from  14  mm  down  to  4  mm 
with  the  output  power  of  300  -  100  kW  was  obtained  using  a 
300-keV,  30-A,  20-ns  electron  beam.  Simulations  and 
experiments  predict  the  possibility  for  the  realization  cf 
relatively  low-voltage  pulse  sources  with  the  power  10^-10*  W 
in  the  whole  submillimeter  wavelength  range. 

Introduction 

Successful  realization  of  FELs  has  almost  no  effect  on  the 
position  of  subrelativistic  gyrotrons  at  mm/sbmm 
wavelengths.  The  gyrotrons  provide  the  radiation  power  up  to 
1  MW  in  quasi-CW  regime  at  shorter  millimeter  waves  [1],  as 
well  as  about  100  kW  with  pulse  duration  of  tens  of 
microseconds  at  the  wavelengths  of  0.5  mm  [2].  It  is  difficult 
for  novel  sources  to  compete  with  so  developed  devices. 
However,  novel  relativistic  devices  significantly  excel  the 
subrelativistic  gyrotrons  in  a  number  of  characteristics  even  in 
the  first  experiments,  and  this  superiority  could  become  more 
significant  in  future.  First  of  all,  one  could  expect  the 
achievement  of  higher  frequency  and  pulse  power,  as  well  as  cf 
fast  broadband  frequency  tuning.  Among  a  lot  of  possible 
types  of  shorter-wavelength  relativistic  devices,  basically  FELs 
are  being  investigated  at  present.  But  at  mm/sbmm  waves 
other  types  of  the  devices,  such  as  CARMs  and  relativistic 
gyrotrons,  can  have  important  advantages  as  compared  with 
both  subrelativistic  gyrotrons  and  FELs. 

Cyclotron  Autoresonance  Masers 
The  CARM  with  high  Doppler  frequency  up-shift  [3,4]  was 
realized  in  many  successful  experiments  at  LAP  and  other 
laboratories  [5-18].  All  our  experiments  were  carried  out  using 
high-current  electron  accelerators  with  explosive-emission 
injectors,  which  provided  the  current  pukes  tens  nanoseconds 
long  and  the  electron  energy  of  0.5  - 1.2  MeV.  One  of  the  best 
results  was  the  amplifier  at  the  wavelength  of  8  mm  with 
power  of  10  MW  and  amplification  of  30  dB  realized  in 
collaboration  with  the  High-Current  Electronics  Institute 
[11,14].  The  highest  power  (30-50  MW)  and  the  frequency  up¬ 
shift  (about  8)  were  obtained  in  the  collaboration  with  the 
Joint  Nuclear  Research  Institute,  at  their  LIA  [15]. 


CARMs  realized  at  lAP  and  in  collaboration  with  other 
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Some  CARMs  realized  in  other  laboratories. 
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Among  experiments  performed  in  other  laboratories  one  has  to 
mention  Ae  amplifier  realized  at  MIT  [13].  Its  output 
parameters  are  close  to  the  parameters  of  our  amplifier,  but  the 
eflBciency  is  higher.  At  MIT  the  first  CARM  with  the 
thermocathode  was  also  realized  [12].  The  CARM  with  the 
shortest  wavelength  (1.2  mm)  was  studied  at  Livermore  [6]. 
The  CARM  at  the  second  cyclotron  harmonic  was  realized  at 
the  MIT  [12]  and  the  University  of  Strathclyde  [16]. 

Thus,  a  lot  of  experiments  demonstrate  hi^-fi^uency 
properties  of  the  CARMs.  However,  in  these  experiments 
efficiency  is  only  1-10%,  i.e.  several  times  smaller  than  the 
efficiency  calculated  for  the  ideal  electron  beam.  In  order  to 
demonstrate  the  possibility  of  achievement  of  high  efficiency  in 
CARM,  a  special  experiment  at  relatively  long  wavelength 
was  carried  out  at  the  high-current  direct-action  "Sinus-6" 
accelerator  with  a  field-emission  injector  (Fig.l)  [17].  The 
accelerator  provided  electron  energy  of  300-600  keV,  total 
current  of  3-8  kA  and  pulse  duration  of  20  ns.  The  selection  cf 
the  "most  rectilinear"  particles  by  a  narrow  anode  outlet, 
similflrtnthatrejiliyedftflrlip.rfnrthe  FF.T.  noi  was  used  For 
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the  operating  beam  having  passed  through  the  outlet,  the 
diameter  was  2.5  mm,  the  current  was  100  A  at  the  electron 
energy  500  keV  and  the  10  ns  flat-top  of  a  voltage  pulse.  The 
beam  quality  was  also  improved  by  the  use  of  the  correcting 
coil  [20].  llie  initially  rectilinear  beam  was  pumped  by  die 
kicker  in  the  form  of  a  rectangular  current  fiame  sloping  to  the 
z-axis,  producing  practically  homogeneous  transverse  magnetic 
field  near  the  beam  and,  therefore,  providing  a  weak  sensitivity 
to  spread  in  the  particle  position.  Sensitivity  to  the  velocity 
spread  was  reduced  using  a  short  cavity,  where  electrons 
underwent  only  4-5  gyrorotations.  To  prevent  excitation  of 
parasitic  modes,  the  operating  mode  was  chosen  to  be  the 
lowest  transverse  TEi.i  mode  of  a  cylindrical  cavity  in  the 
regime  of  grazing  dispersion  characteristics  of  the  beam  and 
wave.  The  cavity  was  made  up  of  the  operating  waveguide 
section  7.8  mm  in  diameter  and  60  mm  long,  bounded  by  a 
cutoff  waveguide  on  the  cathode  side  and  by  a  Bragg  refiectcx 
on  the  collector  side. 

According  to  the  simulations,  the  maximum  eflSciency  for  an 
ideal  beam  amounted  to  30%.  In  the  experiment  the  maximum 
power  at  the  wavelength  of  (7.9±0.1)  mm  amounted  to  (13±2) 
MW  for  the  guiding  magnetic  field  of  1.2  T  and  the  Uansverse 
electron  velocity  of  =  0J5.  The  corresponding  electronic 
eflBciency  reached  (26±  5f/o .  Thus,  the  use  of  an  electron 
beam  with  small  velocity  spread  raises  CARM  efiBciency  at 
least  to  the  level  of  efficiency  of  the  PEL. 


High-Harmonic  Relativistic  Gyrotrons 

Basing  on  achievements  of  subrelativistic  gyrotrons  and  the 
theory  of  relativistic  gyrotrons  [21,22]  we  are  trying  to 
develop  a  powerful  submillimeter  gyrotron  opierating  at 
moderately  relativistic  electron  energies  200-300  keV  instead 
of  3-6  MeV  for  the  FELs.  Already  at  the  mentioned  energy, 
coupling  of  the  elecUon  beam  having  a  large  pitch-factor  with 
cavity  modes  at  higher  harmonics  is  practically  as  strong  as  at 
the  fundamental.  Using  high  pulsed  magnetic  fields  up  to  20- 
30  T  and  providing  selective  excitation  of  the  separate  modes 
at  the  5- 10th  harmonics  it  would  be  possible  to  obtain 
coherent  radiation  with  broadband  frequency  step-tuning  down 
to  0.1  mm. 

As  a  first  step  to  a  sbmm  gyrotron,  we  started  our  experiments 
at  millimeter  waves  with  known  [22]  Large  Orbit  Gyrotron 
(LOG).  In  a  LOG  a  thin  electron  beam  encircles  the  axis  of  an 
axisymmetric  cylindrical  cavity.  Due  to  the  symmetry  the 
significant  mode  separation  takes  place;  namely,  only  rotating 
TE^p.q  modes,  having  the  azimuthal  index  equal  to  the  number 
of  the  resonant  harmonic,  can  be  excited.  At  small  velocity 
spread  this  provides  selective  excitation  of  a  single  harmonic. 
Accordine  to  the  theorv  1211.  the  effrciencv  at  the  hieher 


harmonic,  can  amount  to  at  least  a  few  percent,  which  is 
sufScient  for  a  number  of  applications.  The  increase  of  the 
electron-wave  coupling  for  high  transverse  electron  velocities 
md  of  diffraction  Q  of  the  given  gyrotron  cavity  with  the 
increase  of  the  harmonic  number  lead  to  a  significantly  smaller 
difference  in  the  operating  currents  of  the  harmonics  as 
compared  with  the  subrelativistic  situation.  For  example,  fer 
electron  energy  300  keV,  pitch  factor  g=l. 5,  and  cavity  length 
corresponding  to  4-5  electron  rotations,  the  lst-5th  harmonics 
have  practically  the  same  starting  currents  (Fig.2).  It  is 
important  to  emphasize  that  the  finequaicy  non-equidistance  cf 
the  first  TE^p.i  modes  is  sufficientfy  large;  thus,  having  the 
electron  beam  with  small  velocity  spread  one  can  expect 
selective  excitation  of  the  above  harmonics. 

In  order  to  check  the  theory  predictions,  we  studied  a  LOG  at 
the  “Sinus-6”  accelerator.  The  current  passing  into  the  cavity 
and  electron  energy  were  30  A  and  300  keV  at  pulse  duration 
20  ns.  Like  the  CARM,  the  selected,  rectilinear,  1.5  mm  in 
diameter,  electron  beam  fr-om  the  central  part  of  the  explosive 
emission  cathode,  was  used.  After  pumping  in  the  kicker, 
electrons  with  the  pitch  fector  g=1.3-1.5  enter  a  traditional 
gyrotron  cavity  with  diameter  8.2  mm  and  length  of  its 
cylindrical  part  of  42  nun  bounded  by  the  input  and  output 
conical  taperings.  When  decreasing  the  magnetic  field  firan 
1.2  T  down  to  0.7  T,  we  clearly  observed  successive 
excitation  of  the  TE..i  modes  at  the  harmonics  s=l-5,  which 
was  confirmed  by  measurements  of  the  radiation  fri^ency. 
The  maximiun  signal  was  registered  at  the  3rd  cyclotron 
harmonic  when  the  wavelength  of  the  radiation  was  equal  to 
6.1  mm  at  the  output  power  about  of  300  kW.  The  radiation 
power  at  the  5th  harmonic,  when  X=  4.0  mm,  was  more  than 
100  kW. 


Fig.2.  Starting  currents  of  higher  harmonics  in  LOG. 


Efficiency  enhancement 

One  of  the  ways  to  decrease  sensitivity  to  the  beam  quality 
md  to  increase  efficiency  in  CARMs  and  relativistic  gyrotrons 
is  the  use  of  the  regime  of  trapping  and  adiabatic  deceleration 
of  electrons  [23-25],  being  analogous  to  that  which  has  been 
succesfully  realized  in  FELs  [26].  For  the  CRM,  in  this 
regime  the  prolonged  synchronous  interaction  between  the 
wave  and  the  main  part  of  electrons  is  provided  by  tapering  cf 
the  guiding  magnetic  field.  The  most  particles  are  trapped  by 
the  potential  well,  formed  by  the  wave,  and  their  energies 
oscillate  around  the  resonant  energy,  7=7^.  This  energy 

corresponds  to  the  exact  electron-wave  resonance,  and 
decreases  with  the  coordinate  due  to  profiling  of  the  magnetic 
field.  The  averaged  electron  energy  decreases  with  the 
coordinate  in  oroDortion  to  the  resonant  enerev  ('Fie.31. 
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{y(z))®  ATYrCz),  where  K  is  share  of  trapped  particles.  It  is 

important  that  one  needs  to  provide  an  arbitrary  slow  law  of 
the  magnetic  field  decrease.  For  the  gyrotron  the  same  profile 
of  the  magnetic  field  provides  trapping  for  various  harmonics 
(while  the  resonant  fields  are  certainly  different  fw  different 
harmonics  because  of  the  non-equidistant  spectrum  of  the 
cavity  modes).  In  the  regime  of  trapping  the  sensitivity  to  tire 
spread  in  electron  velocity  is  smaller  than  in  the  usual  regime 
of  electron  bunching,  while  the  interaction  region  length  is 
significantly  larger  [25].  Actually,  the  electron  efSciency  is 
basically  defined  by  the  trapping  coefficient  at  the  begirming  of 
the  interaction  region.  Then,  moving  throu^  this  region,  die 
tr^ped  particles  with  various  pitch-factors  practically 
identically  lose  their  energies  with  the  decrease  of  the  resonant 
energy. 

AY3 


Fig.3.  Electron  energy  extraction  during  the  process 
of  the  adiabatic  deceleration  of  the  tipped  particles. 
Another  way  of  the  efficiency  increase,  wWch  can  be  used  in 
CARMs  and  gyrotrons  operating  in  the  CW  or  long-pulse 
regimes  [27],  is  the  depressed  collector  method  and  recovery 
by  the  power  supply  of  the  electron  energy,  which  is  saved  by 
particles  at  the  output  of  the  electron-wave  interaction  region. 
This  method  has  been  utilized  in  the  subrelativistic  gyrotron 
and  the  FEL.  But  for  the  CARM  and  the  relativistic  gyrofron, 
energy  recovery  can  have  higher  priority  in  their  competition 
with  the  very  efficient  subrelativistic  gyrotron.  The  simplest 
scheme  with  the  single-step  depressed  collector,  can  provide  a 
significant  recovery  efficiency  for  CARMs  and  higher-harmonic 
gyrotron.  For  the  gyrotron,  recovery  efficiency  decreases  with 
the  increase  of  the  harmonic  number.  But  in  this  case  the 
recovery  can  be  even  more  important  than  at  the  fundamental. 
It  could  be  very  attractive  to  combine  the  both  above  methods 
of  the  efficiency  increase.  The  regime  of  trapping  provides  the 
increase  not  only  in  electron  efficiaicy,  but  also  in  the 
recovery  efficiency,  which  is  induced  by  smaller  RF  amplitude 
and,  therefore,  smaller  spread  in  output  electron  energy  [27]. 
For  instance,  in  the  CARM  oprerating  in  the  regime  rf 
trapping,  the  total  efficiency  is  higher  than  in  the  regime  cf 
bunching  and  can  be  about  50%.  Thus,  at  shorter  waves, 
CARMs  and  relativistic  high-harmonic  gyrotrons  can  be 
effective  and  competitive  with  both  subrelativistic  gyrotrons 
and  FELs. 
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Abstract 

The  theory  of  a  slow-wave  CRM-amplifier  driven  by  an 
initially  linear  electron  beam  is  developed.  In  such  a  device, 
the  electrons  radiate  electromagnetic  waves  under  the 
anomalous  Doppler  effect  We  consider  the  system  with  the 
waveguide  parameters  tapered  in  such  a  way  that  the  profiling 
of  the  axial  wavenumber  provides  the  cyclotron  resonance 
between  the  wave  and  decelerating  electrons.  The  efficiency  of 
the  device  may  asymptotically  approach  100%.  The  use  of  the 
microstrip  waveguide  is  discussed. 


Slow-wave  cyclotron  resonance  masers  (CRMs)  can 
operate  when  the  axial  phase  velocity  of  the  electromagnetic 
(EM)  wave  is  smaller  than  the  axial  velocity  of  electrons.  This 
condition  corresponds  to  the  EM  wave  radiation  under  the 
anomalous  Doppler  effect  when  radiating  electrons  lose  their 
axial  momentum  and  gain  the  orbital  momentum.  The  coherent 
EM  radiation  in  such  a  case  can  be  generated  even  by  initially 
linear  electron  beams  which  can  be  easily  produced  by 
Pierce-type  electron  guns. 

Anomalous  Doppler  CRMs  with  constant  parameters  were 
studied  earlier  [1.2]  and  it  was  shown  that  the  maximum 
efficiency  can  be  realized  ^\ilen  electrons  make  only  one 
gjToorbit  in  the  interaction  region.  The  corresponding  value  of 
the  external  magnetic  field  should  be  very  small  while  the 
amplitude  of  the  EM  wave  should  be  very  large.  The  latter, 
definitely,  can  not  be  realized  in  devices  operating  at  moderate 
voltages. 

To  realize  the  cyclotron  resonance  interaction  between 
electrons  and  the  EM  wave  of  a  reasonable  amplitude  during 
many  cycles,  we  suggest  to  taper  the  interaction  parameters  of 
the  anomalous  Doppler  CRM  in  the  way  similar  to  that  used  in 
ffee-electron  lasers,  traveling-wave  tubes,  and  conventional 
CRMs.  In  this  paper  we  develop  the  theory  of  anomalous 
Doppler  CRM-amplificrs  in  which  the  waveguide  parameters 
are  tapered  in  such  a  way  that  the  variation  in  the  axial 
wavenumber  of  the  wave  allows  us  to  maintain  the  cyclotron 
resonance  between  the  wave  and  decelerating  electrons  during 
many  gyrocycles. 

Stripline  waveguides  were  used  successfully  in  slow-wave 
FEL  [3]  and  CRM  [4]  experiments  at  Tel  Aviv  University 
with  uniform  transverse  cross-sections  of  the  dielectric-loaded 
slripline.  The  advantage  of  these  striplines  comparing  to  (only) 
dielectrically  loaded  waveguides  is  the  protection  of  the 
dielectric  by  the  metallic  strip  from  electron  bombardment.  In 
comparison  with  periodic  slow-wave  structures  these  lines 


have  the  advantage  of  operation  at  quasi-TEM  waves.  This, 
first,  provides  the  linear  dispersion,  thus  making  a  wide 
bandwidth  operation  possible,  and  second,  eliminates  parasitic 
Cherenkov  interaction  with  other  spatial  harmonics  which  is 
possible  in  periodic  structures.  The  CRM  experiment  [4]  is 
being  modified  now  to  a  tapered-stripline  slow-wave  CRM, 
and  this  paper  presents  a  theoretical  model  for  its  ansdysis. 

The  tapered  stripline  concept  is  based  on  the  requirement 
to  taper  the  axial  wavenumber  kz  in  order  to  maintain  the 
cyclotron  resonance  between  the  wave  and  electrons  with  the 
variable  axial  velocity,  Vz,  and  the  gyrofrequency,  Q.  For 
anomalous  Doppler  CRMs  this  condition  can  be  written  as 

h  =  l/Pz+Il/p,.  (1) 

Here  h  is  the  axial  wavenumber  normalized  to  CO/c  (c  is  the 
speed  of  light),  pz  =  Vz/c,  )J.  is  the  ratio  of  the  initial 
gyrofrequency  to  CO,  and  Pz  is  the  electron  axial  momentum 
normalized  to  YoIlloC  (yo  is  the  electron  initial  energy 
normalized  to  UloC  ).  As  follows  from  equations  for  the 
electron  energy  and  axial  momentum  given  elsewhere  [5], 
when  the  axial  wavenumber  obeys  Eq.  (1)  the  normalized 
electron  axial  momentum  relates  to  the  electron  energy  as 

p^=P^o-2hoPzoG3  +  CJ^  (2) 

Here  C5  =  (yo  -  y)/yo  is  the  variation  in  electron  energy 
normalized  to  its  initial  value  (subscript  ‘0’  denotes  all  values 
at  the  entrance).  Eq.  (2)  is  the  counterpart  of  the  known 
autoresonance  integral  [5]  valid  for  CRMs  with  non-tapered 
parameters.  The  normalized  orbital  momentum  of  an  electron 
moving  initially  along  a  linear  trajectory,  as  follows  from  Eq. 
(2)  and  the  general  relation  between  the  electron  energy  and 

momentum  Y ^  =  1  +  (Pi  +  p^  )y o ,  relates  to  05  as 

pi  =2(hoPzo-l)G5.  (3) 

For  elecuons  having  a  non-zero  initial  orbital  momentum  the 
corresponding  dependence  is  given  in  [6]. 

The  phase  of  electron  gyration  with  respect  to  the  phase  of 
the  wave  is  constant  when  not  only  Eq.  (1)  is  fulfilled  but  also 
this  phase  has  a  certain  value.  For  this  value  of  the  phase  the 
equation  for  the  electron  energy  can  be  written  as  (c.f.  [1]) 

2(h,p.„-l)[D 
'VP;„-2h„|3.oB  +  (i3’  ' 

In  Eq.  (4)  A  is  the  normalized  amplitude  of  the  wave  which 
obeys  the  following  equation 
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dA  i  2(hop,o-l)ro 
dz  \p2o-2hoP,o®  +  ®' ' 

Eqs.  (4)  and  (5)  are  written  with  the  account  for  given  above 
equations  for  Pz  and  pj..  In  Eq.  (5)  I  is  the  normalized  beam 
current  parameter  which  is  also  proportional  to  the  coupling 
impedance  of  electrons  to  the  wave.  Equations  (4)  and  (5) 
being  combined  give  the  energy  conservation  law 

A^-Ao=2IC5.  (6) 

Using  Eq.  (6)  and  introducing  new  normalized  axial  coordinate 
^  =  AoZ  and  beam  current  parameter  Iq  =  21  /  Aq  one  can 
rewrite  Eq.  (4)  as 


^5=  In  I  IB)  (7) 

This  equation  contains  only  three  parameters  (lo,  PzO  and  ho) 
and  allows  one  to  study  the  efficiency 

Tl  =  05/(l-Yo')  (8) 

as  the  function  of  these  parameters.  The  corresponding 

profiling  of  the  axial  wavenumber,  as  follows  from  Eq.  (1),  in 
these  variables  and  parameters  is  given  by 

h  =  (hoP,o-ro)/p,.  (9) 

Since  the  EM  wave  is  amplihed  due  to  the  axial 
deceleration  of  electrons,  the  maximum  efficiency  corresponds 
to  the  point  where  pz  =  0.  As  follows  from  Eq.  (7)  and  the 
cyclotron  resonance  condition  hoPzO  =  1+  |J.  [c.f.  Eq.  (1)], 

Eq.  (10)  gives  us  the  maximum  efficiency  at  finite  magnetic 
field.  In  the  case  of  the  vanishingly  small  external  magnetic 

field  (|X->0)r|max-^l* 
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Fig.  1 

Results  are  illustrated  by  Figs.  1  and  2.  Fig.  1  shows  the 
efficiency  as  the  function  of  the  normalized  axial  coordinate 
for  a  40-kV  electron  beam  with  the  normalized  current 


parameter  Iq  =  1  and  several  values  of  hoPzO*  Fig.  2  shows 
corresponding  axial  dependencies  of  the  normalized  axial 
wavenumber  h.  Note  that  when  the  initial  wave  amplitude  is 
small  the  distance  corresponding  to  the  significant  deceleration 
of  electrons  (see  Fig.  1)  can  be  much  larger  than  a  wavelength. 


Normalized  distance 


Fig.  2 

In  the  slow- wave  CRM  experiment  [4],  the  fundamental 
mode  of  such  waveguide  is  a  quasi-TEM  mode  with  axial 

wavenumber  ^  “  V^eff  ,  where  £cff,  the  effective  permittivity 

of  the  microstrip  waveguide  depends  of  the  relative 
permittivity  of  dielectric  material  and  the  waveguide  transverse 
geometry.  The  strip  width  is  varied  along  the  waveguide  axis, 
and  causes  changes  in  Eeff  and  consequently  in  h.  This 
variation  satisfies  the  resonance  condition  ( 1 )  and 
consequently  provides  the  theoretical  conditions  for  high 
efficiency  of  the  anomalous  Doppler  cyclotron  interaction. 
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Abstract 

An  operability  of  novel  two-dimensional  distributed  feedback 
mechanism  in  a  FEM  driven  by  hollow  relativistic  electron  beam 
was  studied  theoretically.  A  prospect  of  e?q)erimental  realization  of 
such  a  FEM  on  the  base  of  higji-curreat  accelerator  University  of 
Strathclyde  is  discussed 


Introduction 

In  recent  years  many  successful  experiments  [1-4]  have 
been  carried  out  on  Free  Electron  Ktoers  (FEMs)  which 
utilise  Bragg  resonators  [1].  Such  resonators  are  constructed 
by  machining  single  periodic  corrugations  (1-D  Bragg 
resonators)  on  the  inner  wall  of  the  waveguide.  However,  in 
all  previous  experiments  the  diameter  of  the  microwave 
systems  used  (D)  does  not  exceed  the  wavelength  of  the 
radiation  (X)  by  more  than  DA. «  2  to  4. 

In  order  to  increase  the  power  of  microwave  oscillators 
one  should  increase  the  power  of  the  electron  beam  driving 
the  system.  For  mildly  relativistic  beams  this  can  be  achieved 
by  increasing  the  beam  current.  To  prevent  RF  breakdown  the 
transverse  size  of  the  system  must  be  increased  with 
increasing  the  operating  current.  However  this  will  lead  to  the 
oversized  microwave  system  losing  mode  selectivity. 

An  attractive  solution  is  to  increase  the  beam  current 
together  with  the  transverse  size  of  the  system  enabling  the 
current  density  per  unit  transverse  size  to  remain  constant 
wdiile  simultaneously  maintaining  mode  selectivity.  This  can 
be  achieved  with  the  proposed  use  of  a  2-D  Bragg  resonator 
[5,  6]  to  provide  additional  mode  selection  over  the  transverse 
coordinate.  Theoretical  analysis  has  demonstrated  the 
cqjability  of  obtaining  powerful  spatial-coherent  radiation  in 
this  system  when  diameter  of  the  beam  was  tens  to  hundreds 
of  times  greater  than  the  wavelength  of  the  emitted  radiation 
[7]. 

In  this  report  a  theoretical  evaluation  for  a  project  to 
investigate  a  8  mm  FEM  with  a  coaxial  2-D  Bragg  resonator 
based  on  a  high-current  accelerator  currently  in  operation  at 
Strathclyde  University  is  presented. 


Eigenmodes  of  the  coaxial  2-D  Bragg  resonator 
The  coaxial  2-D  Bragg  resonator  can  be  made  in  the  form 
of  two  metal  cylinders  (fig.1)  which  are  corrugated  on  the 
itmer  wall  as 


a  =  fl,^co5|A/?(p  -  hz]  +  cos^hRif  +  hz^  (1) 

where  h  =  ,  d  is  z  corrugation  period  and  flj  is 

corrugation  depth.  This  corrugation  provides  mutual 
scattering  of  four  partial  waves  propagating  in  the  ±z  and  in 


electron  beam 


Fig.l  Scheme  of  FEM-oscillator  with  coaxial  2~D  Bragg  resonator 
and  hollow  electron  beam 


the  azimuthal  ±g)  directions.  The  additional  azimuthal 
electromagnetic  energy  fluxes  arising  in  this  resonator  should 
synchronise  radiation  from  a  large  hollow  electron  beam. 
Eigenfrequencies  of  the  modes  are  situated  near  the  Bragg 
resonance  frequency  E  =  he  as  well  as  near  the  frequencies 
(0  =  hc{l±  2a)  (a  is  a  wave  coupling  coefiBtient  [5]).  The 

Q-factor  of  the  mode  with  n  variation  along  z  coordinate  and 
m  variation  along  azimuth  is  given  by  relations: 

_  4a^pLR^  ^  - 

fdm.n  - - 2 - +  Qohm  "ear  a  =  he, 

m 


a  hq  _  - 

U„,„  =  --2^2  ^ohm  near  co  =  hc[l  ±  2a) , 


where  Qof,m  'S  a  Ohmic  losses  of  the  modes  in  the  resonator. 


The  maximum  Q-factor  has  an  eigemnode  of  frequency  equal 
to  the  resonant  Bragg  frequency.  It  is  important  to  note  that 
this  mode  is  azimuthally  symmetric  ( m  =  0  )  and  can  provide 
equal  energy  extraction  for  all  parts  of  the  electron  beam. 


Simulation  of  interaction  of  hollow  magnetic 
guided  electron  beam  with  wiggler  and  RF-field 
In  the  design  of  a  FEM  a  mildly  relativistic  (electron 
energy  0.8  -  1.0  MeV)  high-current  (~  0.5  -  1.5  kA)  hollow 
electron  beam  (of  diameter  —  3  -  5  cm)  will  be  used  to  drive 
the  oscillator.  An  operational  transverse  velocity  of  Pj^  «  0.2 

in  the  magnetic  guided  beam  will  be  produced  by  a  helical 
wiggler  which  has  a  slowly  up-tapered  entrance.  Fig.2 
presents  the  results  of  computer  simulation  of  the  interaction 
between  the  electromagnetic  wave  and  the  electron  beam 
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Fig.2  Dependence  on  longitudinal  coordinate  z:  (a)  electron 
^ciency,  (b)  energy  of  electrons  with  different  initial  phases  and 
(c)  their  displacement  from  the  axis  for  the  project  FEM  paremeters 

moving  in  the  wiggler  and  axial  guide  magnetic  field.  In  this 
simulation  the  RF  field  structure  was  considered  to  be  the 
eigenmode  which  had  the  highest  Q-fector  eigemnode  of  the 
“cold”  resonator.  This  simulations  predicted  high-eflBciency 
operation  of  the  FEL  for  the  parameters  discussed  below.  The 
short  interaction  length  of  5  -  6  wiggler  periods  reduced  a 
sensitivity  of  the  FEM  to  the  initial  spread  of  beam 
parameters. 

Simulation  of  excitation  of  the  coaxial  2-D  Bragg 
resonator  by  a  hollow  electron  beam 

Dynamics  of  FEM  operation  with  a  two-dimensional 
coaxial  Bragg  resonator  was  studied  theoretically.  Time 
domain  analysis  taking  into  consideration  the  dispersion 
properties  of  the  Bragg  reflectors  was  used.  The  numerical 
simulation  of  excitation  of  a  FEM  by  a  hollow  relativistic 
electron  beam  and  oscillation  build-up  demonstrated  an 
establishment  of  stationary  generation  regime  under 
parameters  close  to  experimental  one  (fig.3).  In  this 
stationary  regime  spatial  profiles  of  partial  waves  are  close  to 
the  profiles  of  the  highest  Q-fector  azimuthal  symmetrical 
mode  of  the  cold  resonator.  The  fi-equency  of  this  mode  as 
well  as  the  oscillating  frequency  coincides  with  the  Bragg 
frequency. 


The  transient  process  in  the  coaxial  2-D  Bragg 
resonator  may  be  divided  into  two  stages.  The  first  stage  is 
relatively  short  where  during  several  passes  of  the  partial 
waves  over  the  resonator  an  azimuthally  symmetrical 
distribution  of  the  waves  amplitudes  are  formed  (the 
amplitudes  of  all  harmonics  besides  m  =  0  fall  practically  to 
zero).  The  second  stage  is  much  longer  when  storage  of  the 
electromagnetic  energy  in  resonator  occurs.  At  the  end  of  this 
stage  stationary  generation  of  the  radiation  is  achieved. 

It  should  be  noted,  that  for  a  moderate  gain  parameter 
C  a  0.01  establishment  of  the  stationary  regime  was 
observed  in  the  computer  simulation  up  to  the  diameter  of  the 
system  DA,  «  500  [7],  Thus,  the  possibility  of  using  2-D 
Bragg  resonator  for  generation  of  spatial-coherent  radiation 
in  FELs  driven  by  high-current  large  size  hollow  electron 
beam  has  been  proved. 

A  Project  of  the  Strathclyde  FEM  with  2-D 
Bragg  resonator 

Theoretical  evaluation  for  a  project  to  investigate  a  8 
rtun  FEM  with  a  2-D  Bragg  resonator  based  on  a  high-current 
accelerator  currently  in  operation  at  Strathclyde  University  is 
presented.  An  0.8  MeV  /  1  kA  /  200  ns  hollow  electron  beam 
of  3  cm  diameter  will  be  used  to  drive  the  FEM.  An  electron- 
optical  FEM  system  will  consist  of  a  6  cm  period  wiggler 
producing  up  to  1  kG  transverse  field  and  a  pulsed  solenoid 
producing  a  guide  axial  magnetic  field  of  up  to  10  kG.  The 
coaxial  2-D  Bragg  resonator  of  2  cm  iimer  cylinder  diameter 
and  4  cm  outer  cylinder  diameter  with  double  periodic 
cormgations  of  period  6  mm  and  depth  0.6  mm  will  provide 
an  efiective  interaction  between  the  beam  and  RF  field.  This 
project  will  experimentally  confirm  operation  of  a  novel 
Bragg  resonator  which  will  provide  spatial  coherent  single¬ 
mode  generation  when  the  ratio  of  DA  is  equal  to  10  to  12. 
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Fig.3  Establishment  stationary  regime  of  oscillations  in  FEM  with 
2-D  coaxial  Bragg  resonator  for  the  project  parameters:  electron 
efficiency  versus  time 
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Abstract 

The  cyclotron-resonance-maser  array  (CRM-A)  has  been 
proposed  as  a  high-power  microwave  source  operating  at  low 
voltages.  Several  conceptual  schemes  of  CRM-A  and 
preliminary  studies,  including  a  linear  model  of  a  2D  CRM-A 
and  experimental  results  of  a  two-beam  CRM  device,  are 
presented.  The  feasibility  of  a  practical  high-power  CRM  -A  is 
discussed. 


Generation  of  high-power  microwaves  (HPM)  is  a  subject 
of  a  great  importance  in  modem  science  and  technology. 
Cyclotron-resonance  masers  (CRMs)  are  known  as  promising 
generators  of  HPM  radiation.  Possible  schemes  of  compact 
HPM  devices  in  the  megawatt  power  range  are  of  interest  for 
various  applications  [1].  The  cyclotron-resonance  maser  array 
(CRM-A)  is  proposed  as  a  compact  high-power  microwave 
source  operating  at  low  voltages.  This  article  describes  the 
CRM-A  concept,  and  its  development  status  in  our  laboratory. 

The  CRM-A  concept  stems  from  the  periodic-waveguide 
cyclotron  (PWQ  studies  [2].  The  PWC  combines  properties 
of  fast-  and  slow-wave  CRM  interactions,  whereas  the  metallic 
periodicity  acts  as  an  artificial  dielectric.  The  evolution  of  the 
CRM-A  concept  is  depicted  in  Fig.  1. 

In  view  of  the  experimental  results  of  the  PWC  oscillator 
experiments  [2]  (>25%  efficiency  at  10  kV),  a  further  increase 
in  the  radiation  power  could  be  achieved  either  by  increasing 
the  electron  energy  or  current,  or  by  increasing  the  dimension 
of  the  array,  from  1  to  2  dimensions  as  illustrated  in  Fig.  1. 
This  approach  keeps  the  high  perveance  and  low-voltage  for 
each  electron  beam.  Many  low-current  electron-beams  radiate 
then  microwaves  in  a  multi-channel  2D  periodic  metallic 
structure.  Each  channel  resembles  the  ID  PWC.  but  their 
radiation  beams  arc  partially  coupled  by  the  structure. 

The  use  of  many  low-current,  low-energy  electron  beams 
instead  of  a  single  high-current,  high-energy  beam  reduces 
space-charge  effects,  and  therefore  increases  the  output  power 
and  efficiency.  The  CRM-A  scheme  simplifies  elements  of  the 
experimental  setup  (electron  gun,  collector  section,  output 
window,  etc.)  and  results  in  a  compact  low-cost  device.  The 
2D  periodic-waveguide  acts  as  a  mode  selector  yielding 
single-mode  operation  at  high  frequencies. 

The  3D  CRM-A  shown  in  Fig.  3c  might  have  an  attractive 
feature  as  an  active  phased-array  antenna  incorporated  in  the 
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CRM-A  device  itself.  The  output  radiation  could  be  emitted 
directly  from  the  exit  aperture  of  the  3D  CRM-A,  as  a  planar 
antenna.  The  wide  cross-section  of  the  output  aperture  may 
alleviate  output-window  problems,  which  limit  conventional 
gyrotrons.  A  one  step  further  may  lead  to  far-field  steering  of 
the  radiation  as  in  phased-array  antennas,  by  applying  a 
voltages  gradient  on  the  cathode-array  which  may  result  in  a 
phase  shear  in  the  ou^ut  aperture.  Focusing,  steering,  and 
splitting  of  the  radiation  pattern  in  the  far-field  can  be 
conceived  as  well. 


(c)  3D  Array 


Fig.  1  :  The  evolution  of  the  CRMA  concept. 


Preliminary  theoretical  studies  of  the  2D  CRM-A  are 
presented  in  Ref.  [3].  Each  mode  of  the  em-wave  in  the  2D 
periodic  structure  is  expressed  as  an  infinite  set  of  spatial 
harmonics.  A  linear  analysis  results  in  a  matrix  dispersion 
relation,  in  a  form  of  a  matrix  Pierce-equation,  as  follows 
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A(S)  =  |^5sU-^]2  -Ck(s)0|i^(s)j 

[sU-^]^^.  (1) 

uliere  the  diagonal  coupling-matrix  is  defined  as 

Qk(S)  =  )8ez[§U-©k][|k-^ezS 

+J^iL[ko|k-sU-|k]-  (2) 

In  Eqs.  (1)  and  (2),  the  vectors  A  and  Aq  contain  the  ouQJUt 
and  input  mode  amplitudes,  respectively,  U  is  a  unit  matrix, 
Pa  and  Pel  are  axial  and  transverse  electron  velocities, 
respectively,  diagonal  matrices  for  the 

resonant  k-th  wavenumbers  and  their  corresponding  harmonic 
impedance,  respectively,  and  0^  is  a  diagonal  tuning  matrix. 

A 

The  diagonal  space-charge  matrix  0pj^  describes  the  coupling 

between  electron  beams  and  resonant  harmonics.  The 
power-flow  matrix  represents  the  distribution  of  the  em 

power  among  the  different  modes  and  spatial  harmonics. 


As  a  step  toward  the  realization  of  a  full  scale  CRM-A,  a 
two  electron-beam  experiment  has  been  conducted  [4]  in  a  2D 
structure  shown  in  Fig.  lb.  An  array  of  4x24  elements  was 
used.  The  parameters  of  this  experiment  are: 


electron  energy 
e-beam  current 
solenoid  field 
tube  cross-section 
length 


4.0-7.5keV 
«0.1  A 
2.7- 3.8  kG 
48  X  25  mm^ 
48  cm 


A  typical  output  of  the  two-beam  2D  CRM-A  experiment  is 
shown  in  Fig.  2.  The  radiation  frequency  is  6.8  GHz.  The 
experimental  results  agree  with  the  theoretical  model.  Fast- 
and  slow-wave  interactions  are  observed  in  different  magnetic 
fields. 


Currently,  a  four-beam  3D  CRM-A  setup  is  under 
construction  in  our  laboratory.  The  interaction  region  is 
contained  in  circular  waveguide  (30  cm  long,  7.5cm  diameter) 
periodically  loaded  with  alternating  horizontal  and  vertical 
posts.  This  arrangement  forms  a  4-channel  structure.  The 
structure  sustains  slow  and  fast  wave  interactions  with  a 
circular  EM  polarization,  as  well  as  a  single  mode  operation  in 
high  modes.  The  power  is  supplied  by  a  Marx-generator 
reconnected  to  operate  at  lower  voltage  (<  50  KV)  and  higher 
(total)  current.  The  fundamental  mode  frequency  is  in  the 
range  of  2-3  GHz.  Different  accelerating  voltages  would  be 
applied  to  the  electron  beams,  in  order  to  form  velocity  and 


phase  shears  throughout  the  output  cross  section  and  to 
demonstrate  a  far-field  steering. 


Fig.  2:  A  typical  RF  output  of  a  two-beam  2D  CRM-A. 


The  CRM-A  concept  may  lead  to  new  schemes  of  HPM 
sources.  It  alleviates  problems  of  space  charge,  and  results  in  a 
compact  and  low-voltage  device.  First  steps  in  theory  and 
experiments  have  been  made.  A  20-beam  3D  CRM-A 
experiment  is  planned  as  the  next  step  in  this  program.  The 
ultimate  goal  of  this  study  would  be  to  realize  a  20x20  beam 
CRM-A  at  10  KV  (lA  current  per  beam)  and  to  reach  1  MW 
output  power. 
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Abstract 

A  ferroelectric  cathode  emits  electrons  into  a  slow-wave 
tube  immersed  in  a  1.7  kG  axial  magnetic  field.  The  cathode, 
based  on  a  (Pb,  La)(Zr,Ti)03  ceramic,  is  subjected  to  a  ~2  kV 
pulse  (~0.3  us  pulse  width).  An  electron  current  of  ~0.4  A  is 
measured  at  the  end  of  the  0.5  m  tube.  A  helix  slows  down 
the  em  wave  to  0.13c.  Radiation  bursts  are  observed  through  a 
bandpass  filter  in  the  range  2-4  GHz.  The  detected  power  is 
-  1  W.  The  appearance  of  the  radiation  bursts  is  clear  and 
repetitive. 


Extensive  studies  of  cathodes  using  different  PLZT 
ceramic  compositions  have  been  conducted  by  several 
research  groups  [1].  Topical  current  densities  provided  by 
these  cathodes  were  up  to  100  A/cm^.  Recently,  it  has  been 
shown  that  the  total  electron  current  emitted  by  such  cathodes 
may  be  as  high  as  1  kA  [2].  In  the  majority  of  the  cases,  this 
rather  strong  electron  emission  was  ascribed  to  fast 
spontaneous  polarization  switching  of  ferroelectric  ceramics 
[3].  The  strong  electron  emission  has  also  been  observed 
without  any  polarization  switching  from  PLZT  12/65/35 
ceramic  [1].  This  composition  does  not  posses  a  macroscopic 
spontaneous  polarization  at  room  temperature  [4],  hence 
characterized  as  a  nonswitchablc  composition.  It  has  been 
shown  that  the  electrons  are  emitted  from  a  plasma  of  surface 
flashover  caused  by  high  voltage  stress  applied  to  the  PLZT 
ceramic  in  a  nanosecond  time  scale  [1]. 

Recently,  this  nonswitchablc  PLZT  12/65/35  ceramic 
composition  has  been  studied  in  our  laboratory  as  a  possible 
emitter  for  free-elcctron  RF  generators  [5].  A  schematic  of  the 
experimental  e-gun  is  shown  in  Fig.  1  [6].  The  ceramic  plate 
has  a  rectangular  shape  (1x1  cm^)  and  a  thickness  of  I  mm.  A 
conductive  silver  paint  contact  (06  mm)  is  deposited  on  the 
rear  surface  of  the  ceramic  sample  (rear  contact).  A  brass 
washer  is  glued  to  the  emitting  surface  by  the  same  type  of 
silver  paint  as  a  ring  electrode.  Its  external  diameter,  internal 
diameter  and  thickness  are  6  mm,  3.4  mm  and  0.2  mm. 
respectively.  A  stainless  steel  grid  (52  pm  wire  diam.,  460 
pm  period)  is  mounted  directly  on  the  front  of  the  brass 
washer  providing  a  volume  for  free  plasma  expansion  (plasma 
expander).  A  similar  grid,  placed  3  mm  ahead,  is  grounded 


and  used  as  an  anode  for  the  emitted  electrons.  A  negative 
trigger  voltage  pulse  (0.1 -0.4  us  width),  applied  between  the 
grounded  rear  contact  and  the  ring  electrode,  excites  a  process 
of  plasma  generation. 


Vtr 

Fig.  1.  Schematic  of  the  PLZT  ceramic  e-gun. 


Comparing  to  a  scheme  in  which  the  negative  voltage  is 
applied  to  the  rear  contact,  this  e-gun  (Fig.  1)  has  a  narrower 
electron  energy  spectrum  (-10%  energy  spread),  a  higher 
electron  current  density,  and  a  better  perveance  [6]. 

In  the  experiment  presented  here,  the  PLZT  ceramic  e-gun 
is  employed  in  a  slow-wave  cyclotron  tube  with  a  helix  [7]. 
The  experimental  setup  is  illustrated  in  Fig.  2.  The  0.5  m 
long  helix  slows  down  the  wave  velocity  to  0.13c.  The  helix 
radius  and  pitch  are  5.5  mm  and  5  mm,  respectively.  An  axial 
magnetic  field  of  -1.7  kG  (4.8  GHz  cyclotron  frequency)  is 
induced  along  the  tube  by  an  external  solenoid.  The  electrons 
are  collected  at  the  end  of  the  drift  tube  by  a  collimated 
Faraday  cup.  The  e-bcam  current  is  measured  by  a  50 
resistor.  Backward  microwave  signals  are  sampled  at  the  port 
of  the  helix  located  near  the  e-gun,  whereas  the  far  port  is 
shorted.  The  signals  are  detected  by  a  calibrated  diode 
detector  through  a  2-4  GHz  bandpass  filter. 
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In  view  of  the  state  of  art  and  the  possible  trends,  a  further 
research  on  PLZT  ceramic  cathodes  is  needed  in  order  to 
integrate  them  in  advanced  microwave  sources. 


0.0  0.2  0.4  0.6 


Fig.  2:  The  experimental  device. 


Time  [us] 


Hie  device  is  operated  at  a  vacuum  of  --10  ^  Torr. 
Current  pulses  of  0.3-0.5A  are  observed  with  a  delay  of  -100 
ns  after  the  leading  edge  of  the  2  kV  voltage  pulses.  The 
voltage  pulse  widths  are  150-400  ns.  Radiation  bursts  are 
observed  near  the  trailing  edge  of  the  current  pulses,  as 
shown  in  Fig.  3.  The  detected  power  is  -  1  W.  The 
appearance  of  the  bursts  is  clear  and  repetitive.  The 
mechanism  of  the  observed  radiation  in  this  experiment  could 
be  a  backward  cyclotron  emission. 

To  the  best  of  our  knowledge,  this  is  a  first  report  on  an 
em  emission  from  a  device  based  on  a  ferroelectric  cathode. 
The  use  of  this  cathode  may  reduce  the  size  and  cost  of 
microwave  tubes,  since  it  eases  the  vacuum  requirements  and 
does  not  require  any  heating.  A  limitation  of  this  cathode,  at 
the  present  development  stage,  is  that  it  may  operate  only  in  a 
repetitive  mode.  Wc  consider  to  utilize  this  type  of  cathodes 
in  devices  that  tolerate  the  energy  spread  by  a  small  Doppler 
shift.  These  include  free-electron  RF  generators  [5]  and 
CRM-arrays  [8].  The  latter  is  a  new  conceptual  device,  for 
which  the  low-cost  and  simple  installation  of  a  large  array  of 
PLZT  cathodes  is  a  critical  factor  in  its  development  process. 


Fig.  3:  Typical  radiation  burst  and  voltage  pulses 
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Abstract  cavity.  A  thin  cylindrical  electron  beam  (~lnim  in  diameter) 

In  this  paper  we  present  the  design  considerations  of  a  novel  ^  produced  by  the  electron  gun.  The  beam  is  injected  into 
high  efficiency  millimeter  wave  harmonic  amplifier  (HARA).  “Put  cavity,  which  is  driven  by  the  input  signal.  The 

Due  to  its  novel  mechanism,  the  HARA  is  compact,  electrons,  as  they  traverse  the  cavity,  see  a  transverse 

lightweight  and  does  not  require  an  external  focusing  system.  magnetic  field  that  oscillates  and  rotates  azimuthally  at  the 

It  is  capable  of  producing  frequency  multiplication  in  the  drive  frequency  o)  [1-3].  Upon  interacting  with  this  field  the 

millimeter  wave  regime  with  high  efficiency  and  gain.  electrons  are  gradually  deflected  (circularly-  scarmed)  by  the 

rf  magnetic  field.  In  the  drift  region,  due  to  the  finite  amount 
Introduction  of  transverse  velocity  that  the  beam  carries,  electrons 

In  past  years  there  has  been  increased  interest  in  the  gradually  drift  away  ftom  the  axis  as  they  stream  towards  the 

development  of  compact,  lightweight  microwave  devices  output  cavity.  A  snapshot  of  the  electron  beam  in  this  region 

capable  of  delivering  hundreds  of  kilowatts  of  millimeter  resembles  a  growing  helix.  The  length  of  the  drift  region  is 

wave  radiation  at  high  efficiencies.  Potential  uses  of  these  selected  so  as  to  obtain  a  suitable  beam  radial  displacement 

devices  include  communications  and  millimeter  high-  optimum  energy  transfer  in  the  output  cavity.  As 

resolution  radar  for  mobile  and  airborne  applications.  electrons  enter  the  cavity,  they  set  up  a  rotating  TM„„  mode 

Microwave  Technologies  Incorporated  (MTI)  is  currently  mside  the  cavity  {m  is  the  azimuthal  index  of  the  mode).  The 

developing  an  efficient  harmonic  amplifier  jointly  with  excited  output  mode  operates  at  a  frequency  that  is  m  times 

George  Mason  University  for  operation  in  the  Ka  frequency.  The  output  beam-wave  interaction  is 

frequency-band.  short  and  synchronous  allowing  for  the  efficient  generation  of 

coherent  millimeter  wave  radiation  [2].  Another  advantage 
A  simplified  schematic  of  the  HARA  amplifier  is  of  interaction  is  that,  due  to  the  beam-wave 

shown  in  Fig.  1.  It  is  a  compact,  lightweight  microwave  ®yoohrony,  the  output  cavity  operates  at  the  design  mode  with 
device  that  provides  both  microwave  signal  amplification  and  mode  competition  and  with  high  electronic  efficiency, 

frequency  multiplication.  The  basic  device  is  composed  of  ^  of  parameters  for  the  HARA  design 


Figure  1:  Schematic  of  HARA  amplifier 
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Table  I:  HARA  System  Parameters 


HWii 

Beam  Energy 

keV 

60 

Beam  Current 

A 

3 

Beam  radius 

mm 

0.5 

Drive  Frequency 

GHz 

5.85 

Drive  power 

kW 

3.5 

Drift  length 

cm 

5 

Beam  radial  displacement 

cm 

1 

Output  Frequency 

GHz 

35.1 

Output  Power 

kW 

120 

Gain 

dB 

20 

Efficiency 

% 

70 

Computer  Simulations 

We  have  performed  three-dimensional  fully  self-consistent 
particle-  in-cell  studies  of  the  HARA  mechanism  on  the 
conq)uter  code  SOS  [4].  Figure  2  illustrates  flie  electron 
beam  dynamics  along  the  drift  region  for  parameters  listed  in 
Table  I.  In  the  simulation  the  beam  has  been  previously 
modulated  in  the  input  cavity  and  at  injection  into  the  drift 
region  carries  a  transverse  to  longitudinal  velocity  ratio  of 
0.1.  Vector  plots  of  the  rf  magnetic  field  excited  by  the 
rotating  beam  inside  the  output  cavity  are  shown  in  Fig.  3a. 
These  plots  represent  the  field  pattern  of  the  design  mode 
(TM„J.  The  corresponding  fi-equency  spectrum  for  these 
fields  is  shown  in  Fig.  3b.  Note  ^t  single  frequency 
operation  is  obtained  at  35  GHz. 


Figure  2:  Electron  beam  dynamics  along  the  drift  region 
calculated  in  3D  code  SOS.  Parameters  are  listed  in  Table  I. 
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Figure  3:  a)  Vector  plots  of  rf  magnetic  field  inside  the 
output  cavity  and  b)  frequency  spectrum  of  the  excited  mode 
obtained  on  3D«PIC  code  SOS.  Parameters  are  listed  in 
Table  1. 
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Abstract 

A  quadropole  TEM-guide  is  used  in  a  compact 
cyclotron-resonance  maser  (OIM)  experiment.  The 
CRM  oscillates  near  the  fundamental  cyclotron 
frequency  (~2.4  GHz)  and  its  second  and  third 
harmonics  (~4.8  GHz  and  ~7.2  GElz,  respectively). 
Circularly  polarized  waves  are  detected  in  the  cavity. 
The  feasibility  of  operation  at  higher  frequencies  is 
discussed. 


Synchronized  pulsers  feed  the  electron-gun  and  the 
magnetic  coils.  The  pulse- width  of  the  -10  kV 
electron-gun  pulse  is  -1  ms,  and  the  electron  current  is 
~0.2  A.  Two  partial  mirrors  are  placed  at  both  ends  of 
the  waveguide.  The  RF  power  is  sampled  out  by  four 
symmetric  probes  (coupled  to  each  metal  wire)  at  the 
end  of  the  interaction  region. 


Cyclotron-resonance  interactions  with  slow  waves, 
as  well  as  high  (spatial  and  temporal)  harmonics,  have 
been  studied  intensively  in  the  CRM  literature  (see  for 
instance  Refs.  [1-6]).  In  our  laboratory,  we  study 
low-voltage  CRMs  in  periodic  rectangular  waveguides 
[7,8],  and  in  stripline  [9,10]  schemes.  The  CRM 
oscillator  scheme  presented  here  combines  a  periodic 
structure  [7]  with  a  non-dispersive  (TEM-mode) 
transmission  line  [9]. 

Periodic-waveguide  CRMs  may  operate  with  fast 
or  slow  harmonics  [1-4].  They  have  been  studied  in 
amplifier  and  oscillator  schemes.  The  CRM  interaction 
is  feasible  at  the  first  frequency  pass-band  of  the 
periodic-waveguide,  and  at  higher  pass-bands  as  well. 
An  opposite  approach  leads  to  the  concept  of  the 
non-dispersive  TEM-mode  CRM  [9].  This  device  has 
a  wide  frequency  band-width,  and  it  requires  a  large 
initial  rotation  of  the  electron  beam. 

The  periodic  quadropole-TEM-guide  used  in  our 
CRM  experiment  is  shown  schematically  in  Fig.  1. 
The  waveguide  consists  of  a  transmission-line  with 
four  parallel  conductors,  and  a  periodic  array  of  8 
disks  along  them.  The  transverse  quadropole  modes 
enable  interaction  with  high  (temporal)  harmonics  of 
the  cyclotron  frequency,  whereas  the  array  of  disks 
introduces  a  longitudinal  periodicity  (6.2  cm  period) 
and  consequently  spatial  harmonics  and  slow-waves. 

The  experimental  setup  (except  for  the  waveguide 
shown  in  Fig.  1)  is  similar  to  that  of  Ref.  [7].  The 
CRM  tube  consists  of  a  Pierce  electron-gun  with  a 
thermionic  cathode  (Spectra-Mat  Std200).  A  solenoid 
and  a  kicker-coil  induce  the  magnetic-field  profile 
needed  for  the  CRM  interaction  (-1  kG  on-axis). 


Fig.  1:  A  section  of  the  CRM  waveguide. 

The  detected  RF  output  is  attenuated  and  divided 
to  two  arms.  One  is  terminated  by  power  detectors, 
and  the  other  by  a  HP5372A  Frequency-Time  Domain 
Analyzer  (which  measures  frequency  variations  in  a 
single  pulse).  In  addition,  the  RF  sample  is  filtered  by 
three  bandpass  filters  which  cover  the  cyclotron 
harmonic  frequency  bands.  The  four  RF-probe  outputs 
are  combined  in  0°,  ±90°,  and  ±  180°  phases.  This 
enables  detection  of  a  circular  polarization  inside  the 
CRM  tube. 

Fig.  2.  shows  typical  pulses  of  the  detector  output 
and  the  electron-gun  voltage.  The  detected  power  is  -2 
W.  A  simultaneous  frequency  measurement  shows  a 
sweep  in  the  range  of  2.3-2.5  GHz  during  the  pulse, 
while  the  axial  magnetic  field  is  Bq-I  kG  (i.e.  the 
cyclotron  frequency  is  -2.8  GHz).  The  -0.4  GHz 
Doppler  down-shift  indicates  a  CRM  interaction  with  a 
backward-wave. 
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Fig.  2:  Typical  detector  and  e-gun  traces. 

Fig.  3  shows  spectral  measurements  accumulated 
in  many  runs  (in  the  same  operating  conditions) 
through  three  bandpass  filters  (2-4  GHz,  4.5-5.5  GHz, 
and  6.8-9.0  GHz).  The  results  show  clearly  three 
harmonics  around  the  center  frequencies:  -2.4  GHz, 
-4.8  GHz,  and  -7.3  GHz.  These  CRM  harmonics 
match  the  fi-equency  passbands  of  the  periodic 
waveguide.  Polarization  measurements  show  that  the 
wave  inside  the  cavity  is  circularly  polarized. 


Frequency  [GHz] 


Fig.  3:  Spectral  measurements  of  the  CRM  harmonics. 


This  experiment  leads  to  further  improvements  of 
the  p>eriodic  quadropole  TEM-guide  CRM,  such  as  a 
better  coupling  of  the  RF  power,  and  detailed  studies 
of  the  higher  harmonics  generation  in  this  scheme, 
toward  the  development  of  a  compact  CRM  harmonic 
oscillator  in  the  millimeter-wave  regime. 


1.  K.  R.  Chu,  P.  Sprangle,  and  V.  L.  Granatstein, 
"Theory  of  a  dielectric  loaded  cyclotron  traveling 
wave  amplifier,"  Bull.  Amer.  Phys.  Soc.,  Vol.  23, 
p.  748, 1978. 

2.  B.  I.  Ivanov,  D.  V.  Gorozhanin,  and  V.  A. 
Miroshnichenko,  "Observation  of  amplification  by 
the  anomalous  Doppler  effect,"  Sov.  Tech.  Phys. 
Lett.  ,  Vol.  5,  pp.  464-465, 1979. 

3.  K.  R.  Chu,  A.  K.  Ganguly,  V.  L.  Granatstein,  J.  L. 
Hirshfield,  S.  Y.  Park,  and  J.  M.  Baird,  "Theory  of 
a  slow  wave  cyclotron  amplifier,"  InL  J.  Electron., 
Vol.  51,  pp.  493-502, 1981. 

4.  H.  S.  Uhm  and  J.  Y.  Choe,  "Gyrotron  amplifier  in 
a  helix  loaded  waveguide,"  Phys.  Fluids  ,  Vol.  26, 
pp.  3418-3425, 1983. 

5.  D.  V.  Kisel',  G.  S.  Korablev,  V.  G.  Pavel'yev,  M. 
I.  Petelin  and  Sh.  Ye.  Tsimring,  "An  experimental 
study  of  a  gyrotron  operating  at  the  second 
harmonic  of  the  cyclotron  frequency,  with 
optimized  distribution  of  the  high-frequency  field," 
Radio  Eng.  Electron.  Phys.  ,  Vol.  19,  pp.  95-100, 
1974. 

6.  D.  S.  Furuno,  D.  B.  McDermott,  H.  Cao,  C.  S. 
Kou,  N.  C.  Luhmann  Jr.,  P.  Vitello,  and  K.  Ko,  "A 
four  cavity,  high  harmonic  gyroklystron  amplifier," 
InL  J.  Electron.,  Vol.  65,  pp.  429-435,  1988. 

7.  E.  Jerby,  A.  Shahadi,  V.  Grinberg,  V.  Dikhtiar,  M. 
Sheinin,  E.  Agmon,  H.  Golombek,  V.  Trebich,  M. 
Bensal,  and  G.  Bekefi,  "Cyclotron  maser  oscillator 
experiments  in  a  periodically  loaded  waveguide,” 
IEEE  J.  Quantum  Electron.,  Vol.  31,  pp.  970-979, 
1995. 

8.  M.  Korol  and  E.  Jerby,  “Linear  analysis  of  a 
multi-beam  cyclotron  resonance  maser  array,” 
Physical  Review  E,  May  1997. 

9.  E.  Jerby,  A.  Shahadi,  R.  Drori,  M.  Korol,  M. 
Einat,  I.  Ruvinsky,  M.  Sheinin,  V.  Dikhtiar,  V. 
Grinberg,  M.  Bensal,  T.  Harhel,  Y.  Baron,  A. 
Fruchtman,  V.  L.  Granatstein,  and  G.  Bekefi, 
"Cyclotron  resonance  maser  experiment  in  a 
non-dispersive  waveguide,"  IEEE  Trans.  Plasma 
Science,  Vol.  24,  pp.  816-824,  1996. 

10. M.  Einat  and  E.  Jerby,  “Anomalous  and  normal 
Doppler  effects  in  a  dielectric-loaded  stripline 
cyclotron  resonance  masers,”  submitted  to  Physical 
Review  E. 


M4.8 


73 


Thermionic  Cathode  CARM  Experiments 


A.R.  Young,  SJ.  Cooke,  W.  He,  A.W.  Cross  and  A.D.R.  Phelps 


Department  of  Physics  and  Applied  Physics, 
University  of  Strathclyde,  Glasgow  G4  ONG,  U.K. 


Abstract 

The  development  of  fully  relativistic  computer  codes  at  the 
University  of  Strathclyde  has  provided  an  insight  into  the 
mechanisms  of  the  Cyclotron  Autoresonance  Maser  (CARM) 
and  assisted  in  the  development  and  improvement  of  its 
component  parts.  The  codes  have  been  used  to  extensively 
model  the  electron  gun  and  this  has  led  to  an  efficient,  high 
quality,  thermionic  electron  beam  source. 


Introduction 

The  CARM  is  a  high  power  source  of  microwaves.  Use  of  the 
CARM  instability  means  the  electron  beam  and  the  RF  field 
stay  in  resonance  as  the  electron  beam  loses  energy  to  the  field 
which  indicates  a  high  potential  efficiency  for  the  device.  Also 
the  cyclotron  frequency  of  the  device  is  Doppler  upshifted, 
given  by  the  equation 

CO  =  2yf  0)^ 

This  frequency  gain  can  be  quite  significant  and  reduces  the 
magnetic  field  required  for  a  given  frequency. 


Fig.  1  Schematic  diagram  of  CARM  electron  Optical 
system  with  Cold  Cathode 


It  has  been  shown  [1]  that  the  efficiency  of  the  CA^,  like 
other  microwave  devices  that  have  a  large  Doppler  flrequency 
upshift,  is  dependent  on  the  quality  of  the  electron  beam.  Such 
a  beam  can  be  formed  using  a  Pierce  like  cathode  producing  a 
thin  rectilinear  electron  beam  and  a  short  pumping  system 
(kicker)  which  introduces  a  rotational  velocity  to  the  electrons. 


Electron  Beam  Source 

The  University  of  Strathclyde  CARM  experiment  uses  a  cold 
explosive  field  emission  cathode  vtftich  operates  in  the  space 
charge  limited  regime,  to  produce  a  high  current  (~50A),  high 
quality,  but  short  (~l(X)ns)  beam.  Due  to  gap  closure,  it  was 
difficult  to  increase  the  duration  of  the  electron  beam  form 
such  a  source.  The  pulsed  power  system  used  delivers  a 
3(X)kV  pulse,  which  was  approximately  l(X)ns  in  duration. 

The  CARM  was  operated  using  the  second  harmonic  of  the 
cyclotron  frequency.  An  interaction  efficiency  of  3.9%  was 
measured  at  a  frequency  of  14.27  GHz,  using  an  80  ns  pulsed, 
14  A  electron  beam  of  energy  300keV,  to  produce  a  coherent 
microwave  power  of  170kW.  Emission  occurred  at  3.7  times 
the  relativistic  cyclotron  frequency,  due  to  the  large  Doppler 
frequency  increase  and  second  harmonic  interaction. 


Fig.  2  Schematic  diagram  of  CARM  electron-optical 
system  with  Thermionic  Cathode 
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Table  1  Results  of  Computer  Modelling  of  CARM  Cathodes 


Cathode 

Original  Pierce  Cold 

Modified  Pierce  Cold 

Thermionic 

Operating  Voltage 

300kV 

450kV 

SOOkV 

Diode  Current 

60  A 

40  A 

30  A 

Beam  Current 

60  A 

40  A 

30  A 

Emission  Current  Density 

44-4  82A/cm^ 

23  30  A/cm^ 

2.3  2.7  A/cm^ 

Parallel  Velocity  /  c 

0.683  ±0.026 

0.8452  ±0.0005 

0.8618  ±  0.0003 

Perpendicular  Velocity  /  c 

0.042  ±0.019 

0.0389  ±0.01 17 

0.0302  ±0.0086 

Pulse  Duration 

100ns 

100ns 

>lMs 

An  alternative  power  supply  has  been  developed  which  is 
capable  of  producing  a  SOOkV  pulse  with  a  longer  duration, 
which  will  be  operated  at  a  potential  of  SOOkV,  This  will  allow 
operation  of  the  CARM  at  the  fundamental  frequency,  but 
requires  a  redesign  of  the  existing  cold  cathode  diode  system 
to  operate  at  this  voltage(fig  1). 


Modelling  of  Beam  Source 

The  computer  models  developed  at  the  University  of 
Strathclyde  are  fully  relativistic  electron  trajectory  codes  that 
can  calculate  (1)  the  space-charge  limited  emission  current, 
(2)  the  current  density  profile  of  the  e-beam,  (3)  the  diode  and 
beam  currents,  and  (4)  the  velocity  profile  of  the  e-beaia 

The  first  electron-optical  system  built  for  the  Strathclyde 
University  CARM  used  no  beam  focusing  and  lost  a  large 
amount  of  the  beam  due  to  scraping  by  the  anode.  This  was 
corroborated  by  the  computer  models[2,3]  and  the  codes  were 
used  to  design  Pierce  electrodes  which  significantly  reduced 
the  scraping  of  the  beam,  and  produced  a  better  quality  beam 
which  has  led  to  more  efficient  operation  of  the  CARM,  Fig  3. 

The  new  voltage  pulse  system  with  its  greater  potential,  has 
required  some  modifications  to  be  made  to  the  existing  diode 
to  still  produce  a  high  quality  beam  with  little  scraping  of  the 
beam.  The  main  modifications  in  the  design  of  the  higher 
voltage  cold  cathode  are  the  necessary  increase  in  the  anode 

Volsge  fkV]  Oio<te  Current.  Beam  currert  (A) 


cathode  spacing  and  the  addition  of  a  semicircular  rim  to  the 
Pierce  like  electrodes  to  reduce  field  enhancement  at  the  edge 
of  the  electrodes.  The  results  of  the  computer  model  are 
shown  in  table  1,  along  side  the  results  of  the  original  Pierce 
diode. 

As  the  new  power  supply  is  capable  of  producing  a  longer 
pulse  and  to  take  advantage  of  this  a  thermionic  cathode  has 
been  developed.  The  most  significant  modification  to  the 
diode  geometry  in  the  design  of  the  thermionic  cathode  is  the 
convergence  of  the  beam.  This  was  made  necessary  by  the  fact 
that  a  high  current  density  is  required  at  the  anode  aperture 
and  the  achievement  of  such  a  current  emission  density  from  a 
thermionic  cathode  would  be  almost  impossible,  and  would 
most  certainly  give  a  very  short  lifetime  cathode. 
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ABSTRACT  A  QUASI-OPTICAL  RESONANT  RING 


A  quasi-optical  resonant  ring  is  being  developed  for 
testing  of  millimeter  wave  components,  windows  and  low-loss 
materials  at  very  high  powor  levels  using  medium  power  level 
sources[l].  The  resonant  ring  generates  a  traveling  wave 
resonance  of  uniform  amplitude  along  the  waveguide  that  is 
ideal  for  testing  components  and  materials.  Both  smooth-wall 
TEoi  mode  and  a  corrugated-wall  HEu  mode  versions  have 
been  constructed.  These  units  use  highly  oversized  waveguide 
and  four  miter  bends  to  form  a  quasi-optical  resonant  ring.  A 
perforated  plate  miter  bend  serves  as  the  input  directional 
coupler.  A  water-cooled  tube  array  is  being  designed  for  a 
coupler  capable  high-power  cw  operation.  A  theoretical  power 
gain  of  >10  is  possible  using  the  63.5  mm  HE  1 1  version  at  53 
GHz.  Low  power  measurements  have  been  performed  to 
confirm  the  operation  and  >1.5  MW  high  power  tests  using  a 
200  kW  gyrotrcm  are  expected  in  the  near  future. 

INTRODUCTION 

Gyrotrons  of  >1-MW  cw  power  in  the  110-  to  I6O-GH2 
fiequency  range  with  HEj  j  ouput  beams  are  being  developed 
for  electron  cyclotron  heating  (ECH)  of  plasmas.  Windows 
are  required  for  gyrotrons  and  for  waveguide  transmission 
systems  at  the  plasma  device  to  provide  vacuum  isolation  and 
containment  Windows  are  difficult  to  build  for  diese  systems 
because  the  window  dielectric  losses  increase  with  frequency 
and  the  centrally  peaked  output  power  beam  concentrates  the 
power  deposition  near  the  center.  Development  and  testing  of 
a  window  independent  of  gyrotron  development  is  desirable 
since  window  failure  on  a  cw  gyrotron  usually  means  an 
expensive  reprocessing  of  the  entire  tube  or  possibly  even 
total  loss.  Testing  new  window  designs  to  equivalent  power 
levels  using  an  off-line  facility  provides  significant  savings  in 
tube  development  costs. 

The  resonant  ring  technique  [2]  has  been  successful  in 
the  past  for  testing  single-mode,  rectangular  waveguide 
windows  above  the  power  level  available  from  existing 
sources.  The  resonant  ring  is  prefored  for  window  and  other 
component  testing  because  it  provides  traveling  waves  as 
opposed  to  the  standing  waves  that  exist  in  typical  resonant 
cavities.  A  waveguide  resonant  ring  is  formed  using  four 
bends  and  a  phase  shifter  for  adjusting  the  total  path  length  to 
equal  an  integral  number  of  guide  wavelengths.  Power  is 
coupled  into  the  ring  with  a  high  directivity  directional 
coupler  having  an  optimized  coupling  value.  A  resonant  ring 
can  be  easily  adjusted  to  have  low  input  reflection  to  the 
source  provided  the  components  under  test  have  low 
reflection  coefficients.  At  resonance  and  with  optimum 
coupling,  the  uncoupled  source  power  straight  through  the 
coupler  is  canceled  exactly  by  the  power  coupled  back  out  of 
die  ring  so  that  all  the  power  enters  the  ring.  The  buildup  of 
power  level  in  the  ring  is  limited  only  by  losses  in  the  ring 
components  which  can  be  quite  low.  A  ring  path  loss  of  0.45 
dB  results  in  a  power  level  gain  of  10. 


Low-loss  TEoi  mode  in  smooth-wall  waveguide  or  the 
HEii  mode  in  a  corrugated  waveguide  are  the  common 
transmission  modes  used  in  highly  oversized  ECH  wavegtiide 
systems.  Typical  waveguide  diameters  used  for  ECH  range 
from  30  to  90  mm  for  a  1-MW  transmission  system  [3].  A 
quasi-optical  resonant  ring  can  be  formed  using  four  miter 
bends  with  a  small  adjustable  gap  or  bellows  in  two  legs  as 
shown  in  Rg.  1. 


figure  1.  quasi-optical  resonant  ring  ccaifiguration 


The  gap  spacing  is  adjusted  for  resonance  at  the  operating 
frequency  and,  if  kept  small,  has  very  low  loss.  Power  is 
coupled  into  the  ring  at  one  of  the  miter  bends  that  is  set  up  as 
a  cross-guide  directional  coupler.  A  dummy  load  is  placed  on 
the  other  arm  of  the  coupler  to  absorb  uncoupled  power.  A 
quasi-optical  directional  coupler  can  take  the  form  of  a 
parallel  wire  grating,  a  perforated  plate,  a  dielectric  sheet  for 
the  HEn  mode  and  a  perforated  plate  or  dielectric  sheet  for 
the  TEqi  mode.  A  water-cooled  wire  grating  is  being 
designed  for  HE  1 1  high-power  cw  operation.  The  wires  must 
be  sized  and  spaced  to  avoid  grating  lobe  effects.  Cooling  of 
a  ^electric  sheet  can  be  accomplished  by  using  a  double  sheet 
with  a  liquid  dielectric  cooling  layer  flovring  between. 

Moling  of  the  resonant  ring  for  power  gain  follows  the 
conventional  resonant  ring  approach  [2]  with  additional  loss 
terms  for  mode  conversion  at  the  miter  bends.  The  electric 
field  ratio  from  the  input  to  the  ring  side  of  the  directional 
coupler  is  given  by 


^ring 


1 


EinI  VC-VcTe-“ 

where  C  is  the  directional  coupling  factor  and  a  is  the  total 
ring  loss  including  miter  bend  mode  conversion  loss,  resistive 


(eq.  1) 
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loss,  and  window  loss.  The  maximum  possible  power  gain 
also  equals  the  optimum  directional  coupler  value  and  is  given 
by 


Copt  = 


_J_  = 

1  -  e-2a 


(eq.2) 


which  is  equal  to  the  reciprocal  of  the  total  ring  loss  including 
resistive  and  mode  conversion  loss  at  the  miter  bends. 


An  88.9*mm-diameter  corrugated-waveguide  resonant 
ring  operating  at  110  GHz  in  the  HEu  mode  with  2  g^,  3 
miter  bends,  1  miter  bend  cross  coupler  (assume  an  additicmal 
1%  loss),  and  a  window  with  1%  loss  wiD  have  a  total  loss  of 
"6%  and  a  ring  power  gain  of  16.  If  a  200-kW  gyrotron  is 
used,  the  equivalent  power  in  the  ting  would  be  3.2  MW.  At 
53  GHz  with  63.5-mm  waveguide,  iosses  would  be  -13.5% 
and  the  maximum  power  gain  would  be  7.5.  The  53  GHz, 
200-kW  cw  Varian  gyrotrons  currently  operating  at  ORNL 
could  produce  -1.5  MW  in  a  63.5  mm  ring  waveguide. 

In  most  cases,  the  total  ring  loss  is  dominated  by  mode 
conversion  loss  which  can  be  minimized  by  using  larger 
diameter  waveguide.  Pairs  of  miter  bends  can  be  configured 
to  reduce  mode  conversion  loss  by  s^arating  than  by  a  half 
beat  wavelength[4] .  At  this  spacing,  mode  conversion  to  the 
next  higher  order  mode  at  a  bend,  is  canceled  by  mode 
conversion  from  the  previous  bend. 


Low  Power  Measurements 
Low  power  measurements  have  been  performed  on  a 
TEoi  smooth-wall  resonant  ring  constructed  from  63.5  mm 
diameter  waveguide,  a  pofcxated  plate  directional  coupler  and 
a  second  paforated  plate  directional  coupler  to  monitor  ring 
gain.  A  high  mode  purity  TEOI  swept-frequaicy  source  from 
50-75  GHz  was  used  with  a  scalar  network  analyzer  to  display 


ring  gain.  Since  a  swept  frequency  source  is  used,  there  is  no 
need  for  tuning  the  ring  path  length  to  a  particular  resonance. 
To  establish  a  reference  level,  one  of  the  miter  bend  piafpt? 
downstream  from  the  monitoring  directional  coupler  is 
removed  so  that  the  ring  is  "spoiled".  As  indicated  in  figure  2, 
a  signal  increase  of  nearly  13  dB  (20x)  over  the  reference 
level  is  measured  at  four  resonances  in  the  frequency  range 
shown.  Also  shown  is  a  calculated  ring  gain  based  on  (eq  1) 
adjusted  to  have  lower  net  loss  so  that  the  peaks  line  up.  For 
this  frequency  range,  the  calculated  gain  with  full  miter  bend 
loss  is  7.5  which  is  very  close  to  that  found  at  a  slightly  highpf 
frequency.  The  -50  GHz  range  for  this  figure  is  very  close  to 
the  TEoi  .02  beat  wavelength  for  two  legs  of  the  ring.  The 
significantly  wider  width  for  the  measured  resonances  may  be 
caused  by  FM  noise  from  the  B  WO  sweep  oscillator. 

Further  low  and  high  powCT  tests  on  the  TEoi  HE  n 
rescHiant  rings  are  platmed. 
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Figure  2  Measured  and  calculated  ring  gain  for  a  TEqi  mode  quasi-optical  resonant  ring 
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Abstract 

Design  issues  for  multi-beam  waveguide  transmission  of  mm- 
wave  power  arc  discussed.  Diffraction  calculations  are  carried 
out  and  have  been  confirmed  by  experimental  results.  A 
control-system  for  the  alignment  of  the  mirrors  based  on 
auto-collimation  of  the  beam  is  presented. 

Introduction 

ECRH  is  planned  as  a  principal  heating  system  for  the  next 
device  in  the  stellarator  line  of  IPP  Garching,  the 
superconducting  HELIAS-type  experiment  WENDELSTEIN 
7-X.  The  main  part  of  this  system  includes  10  gyrotrons  with 
a  power  of  1  MW  each  operating  at  a  frequency  of  140  GHz 
and  two  multi-beam  waveguides  (MBWG)  as  transmission 
lines,  each  combining  5  beams  at  140  GHz,  1  beam  at  70 
GHz  and  a  spare  beam  channel  on  common  mirrors. 

At  present,  a  test-facility  is  constructed  at  IPF  Stuttgart  to 
get  experience  on  the  performance  of  the  transmission  system 
and  to  test  components.  In  parallel,  the  detailed  design  is 
underway  concentrating  on  the  following  issues: 

Diffraction  calculations  for  multi-beam  waveguides,  first 
experiments  on  a  small  scale,  investigations  on  multi-mode 
transmission,  control-system  for  alignment  of  the  mirrors. 

Calculations  and  measurements  for  multi-beam 
waveguides 

In  beam  waveguides,  the  mirror  surfaces  are  designed  to 
achieve  an  iterative  correction  of  the  phasefronts.  Mode 
conversion  losses  are  very  small  for  high-power  designs  due 
to  the  low  curvature  of  the  mirrors  [1].  In  the  confocal  multi- 
beam  waveguide  [2],  the  design  of  the  mirrors  must  offer  a 
low-loss  propagation  of  all  (on -axis  and  off-axis)  beams  and  a 
correct  imaging  from  the  input  to  the  output  plane.  In  Fig.l,  a 
simple  MBWG  with  2  mirrors  in  Z-configuration  is  sketched. 
Note,  that  for  a  compact  design  the  beams  overlap  on  the 
mirrors,  so  that  no  optimization  of  partial  mirror  surfaces  is 
possible.  For  single  mirrors,  losses  of  off-axis  beams  were  cal¬ 
culated  [3],  however,  for  multi-mirror  configurations  single¬ 
mirror  losses  cannot  be  simply  added  due  to  phasing  effects 
between  the  higher-order  modes. 

Therefore.  3-dim.  diffraction  calculations  for  multi- 
beam  waveguides  consisting  of  four  mirrors  have  been 
performed.  The  mirrors  are  ellipsoids  designed  for  an  axial 
140  GHz  beam  with  the  geometry  of  the  W7-X  system  (waist 
radius  of  input  beam  wq  =  50  mm,  mirror  size  0.74  x  1.1  m. 
focal  lengths  5  m.  ring-arrangement).  Fig.  2  shows  calculated 
power  distributions  of  an  off-axis  140  GHz  gaussian  beam. 
Although  there  is  some  slight  astigmatism  after  two  mirrors 
the  distribution  of  the  input  beams  is  correctly  reproduced  at 
the  output. 


Rg.  1:  Sketch  of  a  Z-mirror  unit  of  a  confocal  MBWG.  Shown  is  the  central 
beam  (solid)  and  one  off-axis  beam. 
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Rg.  2:  Power  distributions  for  the  MBWG  design  for  W7-X  at  the  input  plane, 
after  2  mirrors  and  at  the  output  plane. 

To  check  the  calculations  and  to  illustrate  the  behaviour  of 
off-axis  beams,  a  small-scale  4-niirror  MBWG  was 
constructed.  Mirrors  with  strong  curvature  (f=120  mm,  wq  = 
4.5  mm,  mirror  size  160x230  mm)  were  chosen  to  get  strong 
mode  conversion  effects.  Calculations  of  amplitude  and  phase 
distributions  for  co-  and  cross-polarization  were  performed 
and  compared  with  corresponding  measurements.  Generally, 
good  agreement  is  found.  In  Fig.  3,  various  power 
distributions  calculated  and  measured  at  the  ouput  plane  after 
four  mirrors  are  shown.  Whereas  a  central  beam  (Fig.  3a)  still 
suffers  only  a  small  deformation,  a  beam  shifted  by  1/4  in  the 
plane  of  incidence  (x-direction)  is  slightly  deformed  (Fig.  3b). 
However,  the  measurements  show  that  the  deformation  is 
smaller  compared  to  the  focal  planes  after  one  and  two 
mirrors.  Similar  behaviour  is  found  for  beams  which  are 
shifted  perpendicular  to  the  plane  of  incidence  by  f/4  (y- 
direction).  The  cross-polarization  is  low,  in  spite  of  the 
extreme  curvatures  of  the  mirrors.  Tbe  beams  shifted  in  the  y- 
direction  also  suffer  a  rotation  of  the  polarization,  which 
however  is  cancelled  after  four  mirrors. 
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Rg.  3:  Amplitude  patterns  for  a  140  GHz  MBWG  with  parameters  showing 
mode  conversion  (h=120  mm»  wo=4.5  mm),  calculated  Oeft)  and  measured 
(right)  after  4  minors,  above:  central  beam,  below:  beam  shifted  by  x=30  mm. 


Alignment  Control 

An  essential  issue  for  highly  oversized  closed  and  open 
(beam)  waveguides  is  the  alignment.  The  following  auto- 
collimation  scheme  can  be  used  for  this  task:  Shallow 
diffraction  gratings  in  first  order  Littrow  mount  [4],  i.e.  with 
a  distance  of  the  grooves  d  =  V(2  sin  a)  are  machined  on  the 
surfaces  the  alignment  of  which  has  to  be  checked.  Here,  a  is 
the  local  angle  of  incidence  and  X,  the  wavelength  of  the  test 
source.  The  gratings  then  reflect  a  small  amount  of  an 
incident  test  radiation  back  into  itself.  The  test  beam  should 
have  a  sufficiently  high  frequency  to  avoid  grating  reflection 
for  the  operating  frequency.  By  coupling  this  beam  into  the 
line  under  test  and  detecting  the  reflected  power  with  a 
directional  coupler,  the  transmission  efficiency  up  to  the 
reflecting  device  can  be  monitored  (see  Fig.  4). 

Spatial  resolution,  i.e,  discrimination  of  the  reflecting 
elements  can  be  obtained  by  sweeping  the  test  source  with  a 
constant  speed  dv/dt.  The  spatial  resolution  Az  is  then 
determined  by  the  sweeping  range  Av  according  to  Az  = 
c/2Av  and  the  location  z  is  determined  by  a  frequency  Vjf  = 
dv/dt  •  2z/c  which  is  measured  if  the  reflected  signal  is  mixed 
with  the  forward  signal  [5).  Thus  with  an  appropriate 
spectrum  analyzer,  an  alignment  check  can  be  performed 
simultaneously  for  all  components.  A  proof-of-principle 
experiment  for  this  scheme  was  performed  using  a  simple 
beam  waveguide  including  three  mirrors  with  a  grating 
structure  designed  for  140  GHz  at  an  angle  of  incidence  of 
45®.  The  reflected  signal  was  measured  between  135  to  145 
GHz,  and,  due  to  the  lack  of  a  sweeper  with  a  constant  sweep 
speed,  the  Fourier  transformation  of  the  mixing  signal  was 
generated.  Fig.  5  confirms  the  above  scheme:  For  the 
perfectly  aligned  mirror  (dotted  line),  three  peaks  are  seen  in 
the  spectrum  together  with  a  reference  stemming  from  the 
teflon  surface  of  a  lens  horn.  In  case  of  a  misaligned  (1®)  first 
mirror  (solid  line),  the  following  signals  are  smaller,  and  a 
shift  is  seen  owing  to  the  changed  reflection  points. 


Rg:  4:  Sketch  of  a  remotely  controlled  alignment  system 


Rg.  5:  Reflected  spectrum  from  3  grating  minors.  Dotted  line:  correct  alignment, 
solid  line:  1st  mirror  misaligned. 

Conclusions 

Calculations  and  measurements  yield  a  very  low  mode 
conversion  loss  for  the  multi-beam  waveguide  transmission 
for  the  ECRH  system  on  W7-X  and  show  that  even  more 
beams  can  be  combined  on  a  single  mirror  system  without 
remarkable  loss  of  performance. 

Auto-collimating  gratings  machined  on  reflecting 
components  allow  the  remote  control  of  alignment,  failure 
detection  of  components  as  well  as  calibration  of  movable 
antennas. 
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Abstract 

It  is  difficult  to  directly  measure  the  phase  pattern  of 
millimeter  wave  beams.  It  is  possible  to  obtain  the  phase  pattern 
associated  with  a  propagating  beam  from  amplitude  pattern 
measurements  over  several  surfaces.  An  iterative,  diffraction- 
based  technique  for  obtaining  the  phase  pattern  associated  with  a 
propagating  beam  has  been  developed.  In  this  paper  we  discuss 
the  effects  of  several  limitations  of  the  physical  measurements  on 
the  quality  of  the  reconstructed  phase  pattern. 

Phase  Pattern  Determination 

There  are  several  applications  where  it  is  desirable  or 
necessary  to  measure  the  phase  of  millimeter  wave  beams.  It  is 
very  difficult  to  directly  measure  the  phase  of  such  beams.  Since 
the  amplitude  and  phase  of  a  propiagating  beam  are  uniquely 
coupled,  it  is  possible  to  obtain  the  phase  information  associated 
with  a  fropagating  beam  from  amplitude  measurements  over 
several  surfaces.  We  have  taken  amplitude  data  over  several 
surfaces  and  reconstructed  the  phase  information  in  the  beam 
from  these  measurements  using  a  technique  which  will  be 
described  later.  However,  the  accuracy  of  this  information  for  a 
given  set  of  measured  amplitude  data  is  not  clear.  Therefore,  it 
is  desirable  to  determine  some  guidelines  for  how  accurate 
amplitude  data  must  be  in  order  to  adequately  specify  the  phase 
information. 

Specifically,  a  few  of  the  experimental  considerations 
which  may  limit  the  recovered  phase  information  are  the 
dynamic  range  of  the  measured  signal,  random  noise,  drift  in  the 
measured  signal  strength,  and  size  and  separation  of 
measurement  surfaces.  These  experimental  sources  of  error  will 
be  considered  in  theoretical  simulations  and/or  empirical 
measurements. 

As  mentioned  above  we  have  the  capability  to 
reconstruct  the  j^ase  of  a  propagating  millimeter  wave  beam 
from  amplitude  measurements  over  several  surfaces.  We  usually 
take  planar  ctoss  sections  of  a  beam  as  it  propagates.  This  data 
is  then  used  to  recover  the  phase  information  associated  with  the 
beam.  The  technique  involves  writing  the  measured  amplitudes 
in  terms  of  currents  and  using  numerical  integration  to  propagate 
the  data  from  one  plane  to  another.  For  a  beam  which  is  well 
behaved,  the  phase  pattern  can  often  be  obtained  by  using  data 
from  only  two  planes  as  long  as  there  is  a  reasonable  first  guess 
at  the  phase  pattern  at  one  of  the  planes.  Using  the  amplitude 
data  and  an  approximate  phase  pattern  for  one  of  the  planes,  the 


beam  is  propagated  using  numerical  integration  to  the  second 
plane.  The  difference  in  the  phases  of  the  jaxrpagated  beam  and 
that  of  the  measured  data  at  the  second  plane  suggests  the  rha«a» 
necessary  to  apply  to  the  amplitude  on  that  plane.  This  pha<u» 
pattern  is  applied  to  the  amplimde  at  the  second  plane,  and  then 
this  beam  is  propagated  back  to  the  first  plane.  The  phac/» 
patterns  are  compared  at  the  first  plane  suggesting  a  better  phase 
distribution  there.  The  process  is  then  repeated  until  the  solution 
converges,  usually  in  only  a  few  iterations.  The  amplitude  and 
applied  associated  phase  are  unique  to  the  beam  and  only  the 
"correct"  applied  phase  will  produce  the  proper  distributions 
when  propagated  to  the  other  planes. 

The  theoretical  amplitude  distribution  of  a  1 10  GHz, 
propagating,  flat-top  beam  is  considered  over  several  planes  up 
to  two  meters  apart.  We  defrne  a  flat-top  beam  as  a  beam  with 
a  relatively  flat  profile  near  the  center  which  tapes  quickly  near 
the  edges  of  an  aperture.  The  flat-top  beam  used  here  was 
generated  using  a  weighted  combination  of  the  first  three 
Lagueire-Gaussian  modes.  As  the  beam  propagates  it  begins  to 
loose  its  flat-top  appearance  when  it  approaches  100  cm  from  its 
theoretical  waisL  For  a  beam  waist  radius  w,  of  2.0  cm  used  in 
this  calculation,  the  characteristic  length  for  Gaussian  modes  is 
Z(,=  46  cm.  The  characteristic  length  is  the  distance  from  the 
waist  in  which  half  of  the  relative  phase  shift  between  modes 
will  occur  and  is  given  by  k^WoVZ.  Most  of  the  relative  phase 
shift  will  have  occurred  for  planes  that  are  100  cm  apart.  The 
theoretical  data  at  z  =  1 5  cm  and  z  =  1 1 5  cm  from  the  position  of 
the  waist  were  used  to  reconstruct  the  phase  information  of  the 
beam.  For  this  simulation  the  initial  approximation  of  the 
beam’s  phase  pattern  was  set  to  zero  everywhere  on  the  z  =  15 
cm  plane.  The  reconstructed  phase  information  was  applied  to 
the  amplitude  data  at  each  plane.  The  amplitudes  and  applied 
phases  were  then  propagated  using  numerical  integration  to  the 
other  planes.  The  theoretical  power  density  profile  at  the  z  =  15 
cm  plane  along  with  the  power  density  profile  of  the  propagated 
beam  from  the  z  =  1 15  cm  plane  are  shown  in  Fig.  1.  The  data 
at  the  z  =  1 15  cm  plane  was  first  propagated  using  a  phase 
distribution  set  to  zero  everywhere  and  then  using  the 
reconstructed  phase.  Both  are  shown  in  Fig.  1.  The  theoretical 
power  profile  at  a  third  plane  at  z  =  200  cm  along  with  the 
power  profile  of  the  propagated  beam  from  the  z  =  15  cm  plane 
with  the  reconsuucted  phase  and  with  no  phase  are  shown  in 
Hg.  2.  The  curves  at  both  planes  have  very  good  agreement. 

However,  this  simulation  only  demonstrates  that  the 
phase  reconstruction  technique  itself  is  sound  when  using 
perfect  data  with  none  of  the  limitations  involved  in  taking 
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physical  measurements.  As  various  limitations  on  the 
“accuracy"  of  the  initial  beam  are  applied,  the  corresponding 
phase  pattern  obtained  will  no  longer  be  accurate  eidier.  How 
accurate  does  the  measured  data  need  to  be  to  recover  a 
reasonable  picture  of  the  beam's  phase  pattern?  This  question 
will  be  addressed  in  this  presentation. 


X  (mm) 


1.  Power  density  profiles  at  the  z  =  15  cm  plane  (plane  #1). 
Theoretical  data  at  plane  #1  and  theoretical  data  at  the  z  =  115 
cm  plane  (plane  #2)  propagated  to  plane  #1 .  The  data  at  plane 
#2  was  first  propagated  with  the  i^iase  pattern  set  to  zero  and 
then  with  the  reconstructed  phase  applied. 


X  (mm) 

Rg.  2.  Power  density  profiles  at  the  z=2(X)  cm  plane  (plane  #3). 
Theoretical  data  at  plane  #3  and  theoretical  data  at  the  z  =  15  cm 
iriane  (plane  #1 )  propagated  to  plane  #3.  The  data  at  plane  #1 
was  first  propagated  with  the  phase  pattern  set  to  zero  and  then 
with  the  reconstructed  phase  applied.  The  phase  was 
reconstructed  using  data  from  plane  #1  at  z  =  1 5  cm  and  plane 
#2atz  =  115  cm. 


One  important  potential  limitation  is  the  separation 
between  the  measured  surfaces.  For  a  1 10  GHz  system  with  a 

characteristic  length  of  z,  s  46  cm.  separations  of  10  cm  to  100 

cm  between  the  planes  were  used.  The  (diase  pattern  was 
reconstructed  using  planes  10  cm  apart,  the  first  plane  1 5  cm 
fipom  the  waist  and  the  second  plane  25  cm  from  the  waist.  The 
I^e  pattern  was  then  applied  to  the  theoretical  data  at  the  first 
plane.  This  amplitude  and  phase  distribution  was  then 
propagated  using  numerical  integration  to  a  third  plane  200  cm 
from  the  waist.  The  power  density  distribution  of  the  propagated 
beam  and  theoretical  power  density  at  the  third  plane  are  shown 
in  Hg.  3. 


Hg.  3.  Power  density  profiles  at  the  z=200  cm  plane  (plane 
#3).  Theoretical  data  at  plane  #3  and  theoretical  data  at  the  z  = 
15  cm  plane  (plane  #1)  propagated  to  plane  #3.  The  phase 
pattern  was  obtained  using  data  from  plane  #1  at  z  =  15  cm  from 
the  waist  and  plane  #2  at  z  =  25  cm  from  the  waist. 

The  phase  reconstruction  is  very  good,  even  with  the 
planes  only  10  cm  apart.  Again,  this  reconstruction  uses  perfect 
amplitude  data  but  over  finite  planes.  It  might  be  expected  that 
these  conditions  would  still  produce  good  results.  However, 
even  with  perfect  amplitude  data,  the  reconstruction  technique 
still  requires  a  reasonable  first  {qtproximation  for  the  phase 
pattern  at  one  of  the  planes. 

Another  measurement  limitation  is  the  dynamic  range 
of  the  signal  and  random  noise.  A  noise  generator  and  a  limited 
dynamic  range  have  also  been  incorporate  into  other  theoretical 
simulation.  In  addition  a  small  ramp  in  amplitude  has  been 
added  to  simulate  a  drift  in  the  physical  signal's  power.  The 
reconstruction  technique  does  a  reasonable  job  of  producing  the 
frfiase  pattern  for  data  with  even  1  %  errors  in  power. 

♦This  work  was  supported  by  the  US  Dept,  of  Energy  under 
contract  DE-F02-85ER52122. 
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Abstract 

We  present  several  applications  of  phase  retrieval  to  gy¬ 
rotron  electric  field  intensity  measurements.  The  phase 
of  a  microwave  beam  is  determined  from  the  intensity 
measurements  and  is  then  used  to  analyze  a  matching 
optics  unit.  We  also  propose  a  new  approach  to  mode 
converter  design  using  phase  retrieval  techniques. 

1  Introduction 

The  difficulty  of  measuring  the  phase  of  a  high-frequency 
electromagnetic  field  has  lead  to  an  extensive  treatment 
of  the  problem  of  retrieving  phase  (or  field  reconstruc¬ 
tion)  from  a  given  set  of  intensity  measurements.  The 
literature  on  this  inverse  problem  is  extensive  and  cov¬ 
ers  many  applications;  for  brevity  we  refer  the  interested 
reader  to  some  representative  papers  [1-4].  In  the  cur¬ 
rent  treatment  we  employ  a  modified  Gerchberg-Saxton 
iterative  algorithm  presented  in  [1],  and  we  also  use  the 
formulation  given  by  [2].  These  methods  are  applicable 
to  near-field  measurements  as  long  as  the  reactive  fields 
are  negligible.  The  following  sections  illustrate  several 
uses  for  the  phase  retrieval  algorithm  in  the  context  of 
gyrotron  mode  converter  analysis  and  design. 

2  Phase  Retrieval  Example 

We  use  the  phase  retrieval  algorithm  to  analyze  a  set  of 
measurements  from  cold  tests  of  a  gyrotron  internal  mode 
converter  to  demonstrate  that  we  can  reconstruct  the 
beam  phase  and  amplitude  at  a  gyrotron  window.  The 
measurements  of  electric  field  intensity  were  performed  at 
Communications  and  Power  Industries  (CPI),  Palo  Alto, 
CA,  on  a  mode  converter  designed  to  transform  a  110 
GHz,  TE22,6  gyrotron  cavity  mode  into  a  quasi-Gaussian 
beam.  Measurements  were  made  over  two  planes:  one  at 
the  gyrotron  window  and  one  located  25.4  cm  (10.0  in) 
from  the  window. 

Ideally,  the  reconstructed  intensity  from  the  itera¬ 
tive  phase  retrieval  algorithm  should  approach  the  ini¬ 
tial  (measured)  intensity  distribution.  Figure  1  compares 


the  measured  and  reconstructed  intensity  profiles  on  the 
window  plane  after  200  iterations,  and  shows  very  good 
agreement.  Figure  2  shows  the  reconstructed  phase  over 
the  window  plane,  and  we  note  a  slight  tilt  in  the  phase 
across  the  plane.  The  design  phase  profile  is  flat,  and  this 
analysis  shows  that  the  beam  will  not  evolve  as  predicted 
in  the  design. 


-5  0  3 

z(cm) 

Figure  1.  Electric  field  intensity  at  gyrotron  window, 
measured  and  reconstructed,  z  is  parallel  to  the  gyrotron 
axis. 


z(cin) 

Figure  2.  Phase  at  gyrotron  window. 
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3  Analysis  of  Matching  Optics 
Unit 

The  Matching  Optics  Unit  (MOU)  matches  the  mi¬ 
crowave  beam  from  a  gyrotron  to  a  waveguide  suitable 
for  high-power  microwave  transmission.  A  MOU  was  de¬ 
signed  by  CPI  to  focus  the  ideal,  uniform  field  from  the 
gyrotron  into  a  3.2  cm  (1.25  in)  corrugated  waveguide. 
Figure  3  shows  the  focussed  beam  at  the  output  of  the 
CPI  MOU  with  the  MOU  excited  by  the  ideal  gyrotron 
microwave  beam.  The  reconstructed  fields  from  Section 
2  were  used  to  simulate  the  behavior  of  the  MOU  under 
experimental  conditions,  and  Figure  4  shows  the  results 
of  the  simulation.  Clearly,  the  non-uniform  propagation 
of  the  beam  expected  from  Section  2  causes  a  sidelobe  to 
form  and  propagate  through  the  system. 

4  Design  of  Microwave  Structures 
from  Measurements 

The  previous  sections  reveal  that  the  actual  fields  from  a 
microwave  system  may  differ  substantially  from  the  the¬ 
oretical  fields.  Therefore,  basing  subsequent  systems  on 
the  theoretical  fields  may  (and  indeed  often  does)  lead  to 
unpredicted  and  possibly  unacceptable  behavior  of  the 
system.  One  alternative  to  this  situation  is  to  design  the 
overall  microwave  structure  in  stages,  where  each  stage  is 
based  on  measurements  of  the  field  intensity  from  the  pre¬ 
vious  stage.  We  use  the  phase  retrieval  algorithm  at  each 
stage  to  derive  the  full  field  profile  and  design  the  next 
stage  based  on  simulations  using  the  reconstructed  fields. 
We  are  currently  designing  an  internal  mode  converter  for 
a  high-power  gyrotron  based  on  the  above  principles. 


Figure  3.  Ideal  field  intensity  pattern  at  MOU  output. 
Curves  are  at  3  dB  intervals. 


r(cm) 

Figure  4,  Field  intensity  at  MOU  output  computed  from 
reconstructed  fields.  Curves  are  at  3  dB  intervals.  The 
sidelobe  is  at  -15  dB. 

5  Conclusion 

We  have  presented  several  applications  of  phase  retrieval 
to  experimental  measurements.  We  determined  the  mi¬ 
crowave  beam  phase  profile  on  a  gyrotron  window  based 
on  intensity-only  measurements  of  the  electric  field,  and 
we  used  these  results  to  analyze  a  MOU.  We  propose 
a  new  scheme  for  designing  external  as  well  as  internal 
mode  converters  that  accounts  for  non-ideal  mode  con¬ 
verter  performance  by  using  measured  fields  at  each  stage 
of  mode  converter  design. 

The  authors  gratefully  acknowledge  Dr.  Sam  Chu  at 
CPI  for  his  help  with  the  cold  test  measurements  and  the 
design  of  the  MOU. 
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Abstract  Huygens  Method  versus  Gaussian  Propagation 


In  this  paper,  we  present  a  study  about  the  difference 
between  Gaussian  beam  propagation  and  Huygens  method  to 
obtain  the  radiation  pattern  in  the  case  of  non-paraxial 
conditions. 

We  fix  a  way  to  determine  the  error  in  the  Gaussian 
beam  propagation,  in  this  way,  we  could  know  if  the 
approximation  is  good  enough. 

The  computational  results  show  that  it  is  not  possible 
to  use  the  Gaussian  propagation  equation  when  we  are 
working  with  Gaussian  beams  in  non>paraxial  conditions. 

Introduction 

There  are  many  applications,  as  for  instance  systems 
using  a  quasi-optical  transmission  line  between  the  source  and 
the  load  (high  power  heating,  material  processing  and  ceramic 
sintering),  in  which  free  space  eignmodes  must  be  used  [1], 
[2].  These  ones  are  the  preferred  choice  when  high  efficiency, 
maximum  matching  and  low  losses  on  the  mirror  system  are 
required. 

If  the  wave  equation  in  free  space  is  solved  using 
paraxial  condition,  the  gaussian  beams  are  obtained  as  result. 
The  exact  expression  can  be  found  in  [3]. 

Anyway,  this  solution  is  only  an  approximation  to  the 
real  solution  of  the  wave  equation  in  free  space. 

By  the  way,  the  designers  use  the  gaussian  beams  as 
free  space  solution  obtaining  easily  the  transmission  lines 
features  like  position  and  size  of  the  mirrors.  Nevertheless, 
this  will  only  be  valid  in  the  case  of  paraxial  conditions. 

In  [4]  and  [5],  an  analysis  between  using  the  exact 
expression  for  the  far  field  pattern  of  a  gaussian  amplitude 
distribution  with  constant  phase,  and  the  paraxial 
approximation  under  the  form  of  the  paraxial  expressions  for 
the  gaussian  modes  is  presented.  There,  a  value  of  kwo>6  is 
chosen  to  fix  the  paraxial  condition.  This  value,  shown  in  [5], 
is  corresponds  to  an  2-Dimensional  error  of  3%. 

In  this  paper,  we  present  a  paraxiality  analysis  using 
the  Huygens  method  versus  Gaussian  propagation.  We  show 
graphically  the  difference  between  both  methods  and  fix  new 
error  values.  In  this  way,  a  correct  design  of  the  transmission 
line  could  be  done. 


Tne  Huygens  method  consists  on  performing  the 
direct  integration  of  the  electromagnetic  field  equations  of  the 
source  over  any  surface,  obtaining  the  real  solution  of  the  far 
field  radiation  pattern  in  three  dimensions.  In  this  case,  the 
field  distribution  at  the  source  is  following  a  Gaussian  profile. 

The  equations  used  to  compute  radiation  pattern  with 
this  technique  can  be  found  in  [6]. 

On  the  other  hand,  using  the  formulas  shown  in  [3], 
we  obtain  directly  the  approximation  of  the  gaussian  beam 
radiation.  In  particular,  the  equations  describing  the  gaussian 
expansion  are  the  following : 


k  being  the  wave  number  and  ©o  the  beam  waist  of  the 
gaussian  beam. 

In  this  equation  we  can  see  that  with  lower  values  of 
kcTg  the  asymptotic  slope  will  be  increased,  so  the  paraxial 
solution  will  not  be  an  adequate  approximation. 

After  this,  to  compare  the  two  previous  techniques  we 
define  the  following  error  equation  over  the  surface  radiation. 


where  \Huy{x,y,z)^  \  is  the  radiation  pattern  over  each  point  of 
the  radiation  surface  obtained  with  the  Huygens  method  and 
is  the  gaussian  expansion  . 

Results 

To  determine  if  the  paraxial  condition  is  satisfied,  we 
will  calculate  the  theoretical  error  (e)  for  different  values  of 
kwQ.  This  one  can  be  observed  in  figure  I,  For  instance,  in  the 
case  of  an  error  of  6.9%  is  obtained.  Using  this  figure, 
and  fixing  the  maximum  error  that  we  can  get,  the  paraxial 
condition  can  be  found. 
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Figure  1 : 3-dimensionaI  error  (ej  tor  aitterent  kmo  values. 


Figure  4:  Surface  error  (%)  between  the  Huygens  and  Gaussian 
propagation  methods  (figures  3  and  4  respectively)  in  the  case  of 

In  particular,  we  show  some  results  for  kmo=A.  In 
figure  2  and  3,  we  can  see  the  Huygens  and  Gaussian 
propagation  radiation  pattern  respectively.  Furthermore,  in 
figure  4,  we  analyse  the  error  siuface  between  the  two 
methods.  The  total  error  is  14.8%,  so  we  can  consider  that  the 
paraxial  condition  is  not  satisfied. 

Conclusions 

A  comparison  between  the  Huygens  and  Gaussian 
propagation  methods  to  obtain  the  radiation  pattern  has  been 
proposed  and  analysed. 

Gr^hical  with  different  error  values  in  fimction  of 
the  ktjjo  values  has  been  obtained.  In  this  way,  paraxial 
condition  can  be  extracted  for  this  graphic. 
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Abstract 

A  new  ray  representation  of  electromagnetic  field 
inside  a  quasi  -  optical  structure  in  the  form  of  a  circular 
hollow  dielectric  waveguide  which  confirms  a  possibility  for 
unusual  application  of  such  waveguides  -  the  design  in  their 
terms  of  a  off-beat  microanechoic  chamber  for 
electromagnetic  modeling  in  the  near  millimeter  and 
submillimeter  wave  regions  is  suggested. 

L  Introduction 

Scale  modeling  of  the  scattering  characteristics  of 
various  physical  objects  in  the  near  millimeter  and 
submillimeter  wave  regions  has  important  application  in 
meteorological  physics,  radiolocation,  astronomy,  flaw 
detection,  and  other  fields.  Owing  to  the  well-known  principle 
of  electrodynamic  similarity,  the  scattering  by  real  objects  of 
large  and  very  large  physical  size  can  be  analyzed  in 
laboratory  fi'ames  using  the  scaled-down  models  at  shorter 
wavelengths.  On  the  other  hand,  inverse  scale  modeling 
advances  our  understanding  of  the  scattering  of  light  and 
infi^d  waves  by  variously  shaped  single  microparticles  and 
sets  of  them  through  the  scaled-up  physical  models  fabricated 
of  appropriate  materials. 

A  new  relatively  simple  and  available  laboratory- 
scale  method  for  studies  of  the  scattering  by  physical  objects 
in  the  near-millimeter  and  submillimeter  wave  regions  has 
been  suggested  by  the  authors  [1].  In  our  method,  the 
investigated  object  or  its  scaled  model  is  placed  inside  a 
quasi-optical  structure  -  a  hollow  dielectric  waveguide 
(HDW)  of  circular  cross  section  which  serves  several 
functions:  it  forms  a  quasiplane  incident  wave  within  the 
scattering  area  where  test  object  is  placed,  performs  the  low- 
loss  and  low-distortion  transmission  of  the  scattered  wave 
canying  the  test  object  information  to  the  receiver,  effectively 
filters  unwanted  modes  arising  at  the  scattering  on  the  test 
object  in  the  region  of  the  receiver,  and  insulates  the 
scattering  area  against  the  ambient  conditions  containing 
parasitic  sources;  that  is  act  as  a  key  component  of  the 
microanechoic  chamber. 

In  this  paper,  we  intend  to  theoretically  substantiate 
the  proposed  method  for  measuring  RCS  inside  a  circular 
HDW.  Usine  eeometrical  ootical  rav  reoresentation  of  euided 


modes  and  “virtual”  waveguide  concept  as  the  base,  we  shall 
justify  the  principle  of  measuring  the  scattering  characteristics 
of  an  object  when  it  is  inserted  in  the  above  quasi-optical 
structure. 

n.  Representation  of  Electromagnetic  Field  in  a  Circular 
HDW 

A  quasi-optical  guiding  structure  of  the  HDW  type  is 
a  circular  channel  of  large  radius  a  when  compared  to  the 
wavelength  X.  The  walls  may  be  dielectric,  or  layered 
dielectric,  or  metal  coated  by  dielectric  layer;  the  internal 
surface  may  be  smooth  or  profiled,  for  example,  corrugated. 
The  electromagnetic  field  in  such  a  waveguide  are  described 
through  the  modal  fields  [2]-[4]  and  also  with  the  use  of 
geometrical  optics  [5],  [6]  so  that  each  HDW  mode  is 
equivalent  to  the  defined  ray  family. 

In  circular  HDW  with  £ ,  <  4.08  ,  where  £,  and 

Ej  are  the  permittivities  of  the  waveguide  walls  and  filling 
medium,  respectively  (normally  £(,  =1),  the  fundamental 

mode  (whose  attenuation  is  lowest)  is  Its 

electromagnetic  field  is  defined  [7]  as 

E  =  £^o,i(Oexp(-Ao,z)i^. 

.  (1) 

H  =  -  (e  o/^i  0 ) ^  0.  iW  exp^/t  0 1  z)i, , 
where  (Xq  is  the  permeability  of  the  filling  medium;  , 
and  are  the  unit  vectors  of  a  Cartesian  coordinate  system 
whose  z  axis  is  coincident  with  the  HDW  axis;  /Jq  ,  is  the 
propagation  constant  of  the  mode; 

^o,i(^)  ^  where  is  the  zeroth-order 

Bessel  function;  a  is  the  waveguide  channel  radius,  and  u  q  , 
is  the  first  root  of  the  equation  */o  o  i ^ . 
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In  the  traditional  geometrical  optics  representation 
[5],  the  ray  family  corresponding  to  mode  is  meridian, 

that  is  each  ray  intersects  with  the  HDW  axis  between  the 
reflection  points,  and  the  waveguide  axis  is  found  to  be  the 
caustic  of  this  ray  family.  Near  caustics,  the  traditional  ray 
model  is  known  to  face  problems,  and  the  geometrical  optics 
approach  fails  when  the  object  is  on  the  HDW  axis  or  near  so. 
To  overcome  this  limitation,  a  different  ray  representation  of 

the  fundamental  mode  is  proposed. 

With  the  well-known  relation 

ee 

1  =  *^0  W  Jik  (x)  of  Bessel  functions,  the  radial 

k=l 

distribution  of  the  mode  field  is  transformed  to  given 

£o.i(0  =  l-2|;y2*(«2i,  r/p2*).  (2) 

Here  the  modal  parameter  i 
equation  Jj*  (^2*1)=  0 ,  and 

P2*=W2*1«/W01  • 

(3) 

The  first  term  of  expansion  (2)  evidently  represents  a 
plane  homogeneous  wave  propagating  along  the  z  axis;  the 
second  and  subsequent  terms  correspond  to  radial 
distributions  of  the  fields  of  modes  LP21 ,  ,  etc.  [7]. 

Each  of  these  modes  may  be  thought  of  as  excited  in  its 
"virtual"  waveguide  of  radius  given  by  (3). 

Owing  to  the  dual  definition  of  the  HDW  field,  any 
term  of  the  right-hand  of  (2)  giving  the  modal  field  has  its  ray 
analogue.  In  this  case,  each  ray  family  which  corresponds  to 
the  certain  term  in  series  (2)  has  its  caustic  as  a  cylindrical 
surface  of  the  radius 

n  2a  k  ,  ^ 

/?2*= - .  ^=0.  1,  2  ... 

«oi 

(4) 

The  given  approach  considers  the  field  of  the 
fundamental  mode  HE^^  as  a  superposition  of  the  fields  of 

the  homogeneous  plane  wave  and  the  modes  LP^x ,  LP^^ , 
etc.  Each  of  these  modes  may  be  seen  to  be  excited  in  its 
"virtual"  waveguide  of  radius  p2*  and  each  is  defined  as  a 

family  of  oblique  rays  [6]  whose  caustic  is  a  cylindrical 
surface  centered  at  the  HDW  axis. 

On  the  basis  of  the  correspondence  of  each  term  of 
series  (2)  to  the  definite  ray  family,  it  is  possible  to  divide  the 
space  around  the  axis  of  a  circular  HDW  into  a  series  of  the 
characteristic  areas  centered  at  the  HDW  axis  and  shown  in 
Fig.l  with  different  cross-hatching.  In  the  first  area,  only  rays 
corresponding  to  the  plane  homogeneous  wave  exist  (Fig.l, a). 
The  second  area  is  for  the  rays  corresponding  to  the  plane 


homogeneous  wave  plus  oblique  rays  related  to  the  LP^^ 

mode  (Fig.l,b).  The  third  one  is  for  the  rays  associated  with 
plane  homogeneous  wave  plus  the  oblique  rays  related  to 

LP2X  mode  and  LP^x  mode  (Fig. l,c),  and  so  on. 


a) 


Thus  inside  a  circular  HDW,  the  new  ray  model 
reveals  a  spatial  cylindrical  region  of  radius  i?  j  ®  0.8  a 

(Fig.l,a)  where  only  a  family  of  rays  parallel  to  the  HDW  axis 
and  corresponding  to  the  restricted  plane  homogeneous  wave 
exists.  This  in  turn  confirms  that  the  scattering  and  diffraction 
by  an  object  when  illuminated  with  a  plane  homogeneous 
wave  in  free  space  can  be  physically  modeled  inside  a  suitable 
HDW[1]. 


ni.  CONCLUSION 

The  capabilities  of  a  quasi-optical  structure  of  the 
HDW  type  in  measuring  scattering  characteristics  of  physical 
objects  or  their  scaled  models  in  the  near  millimeter  and 
submillimeter  wave  regions  have  been  shown. 
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Abstract 

A  correspondence  was  established  between  the  free- 
space  scattering  characteristics  (extinction  and  backscattering) 
of  a  physical  object  and  those  of  same  object  put  in  a  hollow 
dielectric  waveguide.  This  enables  to  formulate,  among  other 
things,  an  analogue  of  optical  theorem  for  such  waveguide 
scattering. 

I.  Introduction 

In  a  new  technique  [1],  suggested  by  the  authors  to 
investigate  scattering  characteristics  of  physical  objects  in  the 
near  millimeter  and  submillimeter  wave  regions,  the  object 
under  study  (or  its  scale  model)  is  put  into  a  quasi-optical 
structure  in  the  form  of  a  circular  hollow  dielectric  waveguide 
(HDW)  [2]-[4]  so  as  to  measure  the  scattering  parameters  of 

the  waveguide  fundamental  mode  which  is  certainly 

related  to  the  wanted  scattering  characteristics  of  the 
investigated  object.  To  ensure  the  technique,  we  have  to  test  it 
on  a  reference  scatterer  whose  scattering  characteristics  are 
well  known  and  can  be  exactly  calculated.  One  such  object  is 
a  sphere.  Therefore  a  sphere  placed  inside  a  circular  HDW  is 
the  fpt  we  have  investigated  both  theoretically  [5]  and 
experimentally  [1].  The  obtained  results  agree  well  with  those 
predicted  by  Mie  theory  through  a  wide  range  of  values  of 

diffraction  parameter  kb  =  iTZbfk,  where  b  is  the  sphere 

radius  and  X,  is  the  wavelength,  including  resonance  area. 

In  this  paper,  we  intend  to  establish  the  relation 
between  the  free-space  scattering  characteristics  of  a  physical 
object  (extinction  and  backscattering)  and  those  of  the  same 
object  put  in  a  HDW. 

n.  Relation  between  Scattering  Characteristics  in  Free 
Space  and  inside  a  HDW 

Essential  characteristics  of  the  free-space  plane-wave 
scattering  are  extinction  cross  section  and  backscattering 

cross  section  Q.  With  the  far-field  consideration,  the 
extinction  cross  section  is  defined  in  particular  as  follows  [6] 

(1) 


where  X  is  the  vector  of  the  forward-scattering  field 
amplitude  (0  =  O). 

Expression  (1)  is  a  special  formulation  of  optical 
theorem.  It  means  that  the  extinction  depends  only  on  the 
scattered  field  amplitude  in  the  forward  direction  without 
respect  of  that  the  scattering  occurs  everywhere  round  the 
scatterer  which,  in  addition,  absorbs  some  electromagnetic 
power. 

The  backscattering  cross  section  which  is  similar  to 
radar  cross  section  (RCS)  is  defined  as  [6] 

C.=^[X(I80-|, 

(2) 

where  X(l80“)  is  the  vector  of  the  backward-scattering 
field  amplitude  ^  =  1 80° 

Now  we  shall  define  the  analogous  parameters 
characterizing  the  object  scattering  in  a  HDW  in  terms  of  the 
waveguide  characteristic  values.  Let  an  object  be  placed 

inside  a  regular  waveguide  near  its  axis  chosen  to  be  the  z 
axis  of  a  Cartesian  system  as  shown  in  Fig.l.  By  cross  section 
5,  and  iSj  we  separate  a  waveguide  irregularity  portion 
containing  the  scatterer.  Whatever  the  field  within  the 
separated  volume  V,  the  fields  at  section  S^  and  are  the 

superpositions  of  the  propagating  modes  fields.  So  to  the  right 
of  the  irregularity,  the  scattered  field  is 

E"  =  Xc,E,, 

ms=l 

(torz>z,). 

m=l 

(3) 

and  to  the  left 

m=l 

=  X (for  z<z^).  (4) 

#n=! 

The  complex  amplitudes  c„  and  c_„  of  these  modes  are 
easy  to  find  using  Lorenz  lemma.  A  surface  S  to  enclose 
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volume  V is  chosen  as  shown  in  Fig.l,  where  ij,  is  a  normal 

to  surface  S,  is  the  scatterer  surface,  and  Sq  is  die  internal 

cylindrical  siuface  of  the  waveguide  channel.  Since  V  is  free 
from  current  sources,  we  arrive  at  die  equation 

(5) 

SQ+Si+S2‘*’Sy 

Since  impedance  boundaiy  conditions  are  fulfilled  at 
the  HDW  internal  channel  surface  [3],  [4],  the  surface  integral 

over  iSfl  vanishes. 


Applying  the  orthogonality  property  of  guided 
modes  of  a  one  obtains  the  imknown  amplitudes 

^  nt  Sy 

of  modes  occurring  in  the  object  scattering  inside  the  HDW. 
Here  N„  is  the  norm  of  the  mth  mode.  For  simplicity,  the 

waveguide  losses  are  not  considered.  Comparing  (6)  with  the 
customary  definition  of  extinction  cross  section  of  a  scatterer 
in  free  space  [6]  yields  the  waveguide  analog  of  the  extinction 
cross  section 

r^w  _ 

21  ’ 

^  '‘me 

(7) 

in  terms  of  waveguide  parameters.  Here  is  the  maximum 


intensity  of  the  Ah  mode  incident  on  the  object,  is  the 

transmission  coefficient  of  this  mode.  Expression  (7)  offers 
the  waveguide  analog  to  optical  theorem  (1)  for  free  space. 
Besides,  expression  (7)  suggests;  if  within  the  volume  of  a 
scatterer  inserted  in  a  HDW  the  incident  mode  behaves  as  a 
quasiplane  wave  and  all  the  repeated  reflections  from  the 
scatterer  surface  and  waveguide  walls  are  minimized,  then 
using  the  transmission  coefficient  of  the  incident  mode,  one 
obtains  the  scatterer  extinction  in  free  space. 

Formula  (7)  correlates  the  HDW  mode  transmission 
coefficient  and  the  plane-wave  forward-scattering  amplitude 
in  free  space  as  follows 

^  2k  4, 


Using  (8),  we  arrive  at  a  similar  relation  between  the  free 
space  backward-scattering  amplitude  and  the  waveguide 
mode  reflection  coefficient  in  the  form 


x(iso°) 


_  N,  c_, 


2%L 


inc 


(9) 

Substituting  (9)  into  (2)  gives  the  waveguide 
backscattering  cross  section 


(10) 

Formulae  (7)  and  (10)  correlate  the  scattering 
processes  occurring  inside  a  HDW  and  in  free  space.  Under 
the  proper  conditions  stated  above,  these  processes  are 
identical. 


in.  Conclusion 

The  presented  consideration  physically  justifies  the 
method  of  electrodynamic  modeling  of  such  scattering 
characteristics  as  extinction  and  backscattering  cross  sections 
in  the  field  of  HDW  fundamental  mode  under  the  deduced 
limits  on  the  scatterer  relative  size  and  providing  effective 
filtering  from  spurious  modes  and  elimination  of  parasitic 
repeated  reflections  from  the  scatterer  surface  and  HDW 
channel  walls. 
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Abstract 

The  Smithsonian  Astrophysical  Observatory  (SAO)  far 
infrared  balloon-borne  Fourier  transform  spectrometer, 
FIRS-2,  measures  concentration  profiles  of  trace  gases  iii 
the  earth’s  stratosphere.  Measurements  are  made  from  al¬ 
titudes  of  36-39  km  in  the  limb  geometry  using  thermal 
emission  from  80  -  1000-t-  crn’i.  OH,  HO2,  H2O,  H2O2 
OP  (thermospheric),  O2,  O3,  HCl,  HF,  HBr,  CIONO2,’ 
HOCl,  CO,  CO2,  N2O,  NO2,  N2O6,  HNO3,  and  HCN 
are  currently  measured  as  functions  of  altitude  and  time. 
CIO  is  measured  on  some  flights  using  the  Jet  Propulsion 
Laboratory  Balloon  Microwave  Limb  Sounder,  BMLS,  or 
Submillimeterwave  Limb  Sounder,  SLS,  flown  on  the  same 
gondola.  This  talk  briefly  describes  the  instrument  and 
the  atmospheric  measurements  and  concentrates  on  the 
development  of  underlying  spectroscopy  for  the  prediction 
and  analysis  of  spectroscopic  features,  and  on  conclusions 
that  may  be  drawn  regarding  atmospheric  photochemistry. 
Other  examples  of  current  problems  in  the  application  of 
spectroscopy  to  atmospheric  measurements  will  also  be 
briefly  described,  including  the  spectroscopic  meeisurement 
of  stratospheric  OH  from  space. 

Introduction 

Catalytic  destruction  of  ozone  from  the  HO*,  Cl,,  and  NOx 
reaction  cycles  is  a  central  feature  of  the  chemistry  of  the 
earth’s  ozone  layer.  However,  it  has  been  difficult  to  obtain 
simultaneous  measurements  of  these  radical  species  and 
their  reservoirs  over  a  range  of  altitudes.  Using  balloon- 
based  spectroscopy  of  the  atmospheric  thermal  emission, 
we  are  now  able  to  make  simultaneous  measurements  of 
HOx,  Clx,  and  NOx  species  throughout  the  middle  at¬ 
mosphere.  These  observations  represent  the  most  com¬ 
prehensive  description  yet  obtained  of  the  distribution  of 
free  radicals  and  photochemically-related  gases  involved  in 
catalytic  destruction  of  ozone. 

The  strength  of  this  type  of  measurement  is  the  simulta¬ 
neous  observation  of  a  large  number  of  individual  species 
covering  a  large  range  of  altitudes  in  the  stratosphere  and^ 
for  TOme  flights,  the  full  diurnal  cycle.  The  completeness 
of  the  data  sets  provides  a  basis  for  examining  our  under¬ 
standing  of  processes  that  regulate  the  partitioning  of  free 
radicals  in  the  stratosphere.  FIRS-2  measurement  applica- 
tions  include  the  following. 


•  Atmospheric  modeling:  FIRS-2  determines  details  of 
stratospheric  photochemistry,  improving  predictive 
capability  of  models. 

•  Global  warming  studies:  FIRS-2  determines  details 
of  the  atmospheric  radiative  properties  of  greenhouse 
gases,  especially  CO2. 

•  Industrial  processes:  FIRS-2  measures  effects  of  chlo- 
rofluorocarbons  and  halons  on  the  ozone  layer. 

•  Agricultural  processes:  FIRS-2  measures  gaseous 
by-products  of  agriculture;  nitrous  oxide,  bromine 
species  resulting  from  methyl  bromide  use. 

Until  this  year,  the  FIRS-2  concentrated  on  measurements 
in  the  regions  80-210  cm~^  and  350-700  cm~^  The  ma¬ 
jor  reason  for  the  lack  of  fuller  coverage  was  the  response 
of  the  Mylar  beam  splitter  used  in  the  FTS.  Beginning 
with  the  April,  1997  balloon  flight  we  are  employing  new 
coated  beam  splitter  technology  to  provide  both  higher  ef¬ 
ficiency  over  much  of  the  previously-measured  regions  and 
extended  coverage  (80-1000-f  crn'i),  where  the  highest 
measurable  wavenumber  is  now  limited  by  detector  effi¬ 
ciency.  This  improvement  should  provide  for  better  mea¬ 
surements  of,  at  least,  stratospheric  NO2,  CIONO?  and 
N2OS,  add  CH,  and  several  of  the  CFCs  to  our  meLre 
ments  suite,  and  might  permit  us  to  measure  CIO  and  NO3. 

Balloon  Flights 

FIRS-2  has  now  had  10  successful  stratospheric  balloon 
flights,  from  1987  through  1997.  Launches  were  from  Pales¬ 
tine,  TX;  Ft.  Sumner,  NM;  Daggett,  CA;  and  Ft.  Wain- 
wright,  AK.  Float  altitudes  are  from  36  to  39  km  and 
flight  durations  from  6  to  24-t-  hours,  depending  on  the 
specific  mission  and  complement  of  atmospheric  measur¬ 
ing  instruments  on  board.  FIRS-2  is  flown  on  balloon 
pndol^  provided  by  the  NASA  Jet  Propulsion  Labora- 

nT/r  FIRS-2  have  included  the 

BMLS,  the  SLS,  an  in  situ  ultraviolet  ozone  sensor,  and 
the  Far  Infrared  Limb  Observing  Spectrometer,  FILOS  (all 
rom  JPL),  an  ultraviolet/visible  flux  merisuring  instru¬ 
ment  developed  by  the  Max  Planck  Institute  for  Chemistry 
Atmospheric  Chemistry  Division,  in  conjunction  with  the 
SAO,  and  an  in  situ  particle  (aerosol)  instrument  supplied 
by  Nagoya  University,  Japan. 


M6.1 


90 


Flights  include  validation  and  correlative  measurements  for 
the  Upper  Atmosphere  Research  Satellite,  UARS  (NASA) 
and  the  Japanese  Advanced  Earth  Observing  Satellite, 
ADEOS  ”MIDORF  (NASDA).  We  also  participated  in  the 
second  NASA  Airborne  Arctic  Stratospheric  Experiment, 
AASE  II,  where  we  obtained  140  hours  of  measurement 
data  on  board  the  NASA  DOS  airborne  laboratory,  flying 
into  the  north  polar  region  and  as  far  south  as  the  equator, 
during  January-March  1992. 

Spectroscopic  Development 

Precise  values  for  line  positions,  intensities  and  pressure 
broadening  coefficients  are  needed  for  quantitative  analy¬ 
sis  of  the  atmospheric  measurements  in  order  to  derive 
atmospheric  concentrations.  An  ongoing  laboratory  spec¬ 
troscopy  program  to  support  atmospheric  measurements  is 
conducted  at  the  National  Institute  of  Standards  and  Tech¬ 
nology,  NIST,  Boulder.  It  includes  collaboration  among 
NIST,  SAO,  the  University  of  Oregon,  NASA  Langley  Re¬ 
search  Center,  and  several  other  institutions.  Laboratory 
measurements  are  made  using  the  TuFIR  method  of  laser 
mixing  spectroscopy,  which  provides  tunable  far  infreured 
radiation  of  extremely  high  spectral  purity.  Measurements 
include  line  positions,  pressure  broadening  widths,  and  rel¬ 
ative  line  intensities.  Molecules  measured  to  date  include 
OH,  HO2,  H2O,  H2O2,  O2,  O3,  HCl,  HF,  HI,  and  CO. 

SAO  maintains  a  publicly-available  spectroscopic  database 
for  analysis  of  atmospheric  spectra.  It  includes  data  avail¬ 
able  from  the  HITRAN  and  the  JPL  Spectral  Line  Cata¬ 
log,  plus  additional  measurements  and  calculations.  Past 
versions  have  covered  the  10-800  cm“^  range.  Because  of 
our  recent  extended  FIRS-2  spectral  coverage,  we  are  cur¬ 
rently  revising  it  to  include  higher  frequencies  and  addi- 
tionaJ  species. 

Conclusions  from  FIRS-2  Measurements 
•  We  have  made  the  first  simultaneous  measurement 


of  HOx,  Clx,  and  NOx  species  throughout  the  mid¬ 
dle  atmosphere.  The  relative  contributions  to  ozone 
destruction  from  the  HOx,  NOx,  and  Clx  catalytic 
cycles  are  determined  from  20-40  km. 

•  Comprehensive  budgets  of  NOy,  and  Cly  are  mea¬ 
sured. 

•  Chlorine  budget  studies  suggest  that  a  small  channel 
exists  for  production  of  HCl  from  CIO  -f  OH  and/or 
CIO  +  HO2,  diminishing  the  effectiveness  of  the  Clx 
catalytic  cycle  in  the  upper  stratosphere. 

•  O3  formation  and  loss  rates  in  the  upper  stratosphere 
are  now  shown  to  be  in  balance;  under-prediction  of 
stratospheric  O3  above  35  km  was  a  long-standing 
problem. 

•  OH  near  40  km  has  been  under-predicted. 

•  HBr  measurements  provide  constraint  on  bromine 
budget,  Brx  chemistry  (in  particular,  it  provides  lim¬ 
its  to  the  effectiveness  of  BrO  -f  HO2). 

•  Closely-coupled  chemical  relationships  in  the  upper 
stratosphere  have  been  tested,  e.g. 

[HOCr\  =  ki[H02][ClO]/{jHoci  +  k2[OH]) 

[H2O2]  =  k3[H02]yijH,o,+k40H]) 
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Abstract 

The  explanation  of  what  was  called  anomalous  absorption  can 
be  found  in  aerosols  in  which  a  pumped  phonon  mechanism 
proposed  by  Frohlich  is  operating  [1].  Here  we  present 
atmospheric  and  laboratory  spectra  which  show  the  salient 
features  of  the  mechanism  of  enhanced  low  wavenumber 
strengths  and  creation  of  giant  dipoles. 


Many  anomalous  absorption  spectra  have  been  reported  from 
measurements  in  the  atmosphere  and  in  the  laboratory  [2,  3]. 
For  some  of  these  the  value  of  temperature  dependence  of 
absorption  was  also  measured  since  this  can  help  to  identify 
the  effective  species.  These  species  at  one  time  were  thought  to 
be  dimeric.  This  had  to  be  rejected  due  to  the  measured 
temperature  dependence  being  too  steep.  The  fact  that  the 
latent  heat  of  evaporation  of  water  is  twice  the  measured 
binding  energy  suggested  a  possible  explanation  [4]  in  terms  of 
droplets  of  small  radius,  which  it  was  tenuously  argued  might 
have  transition  dipoles.  This  failed  since  they  were  not  large 
enough  to  be  stable  at  high  relative  humidity  [5].  These  efforts 
however  were  made  before  it  was  shown  that  anomalies  came 
from  non  equilibrium  conditions  created  by  photon  pumping 
[6].  This  implied  nonlinearity  which  clarified  many  results  by 
showing  that  emission  as  well  as  absorption  was  to  be’ 
expected.  Further  experiments  [7,  8]  gave  results  which 
pointed  to  aerosols  being  responsible  notably  by  showing  that 
observations  required  diffusion  coefficients  appropriate  to 
them  rather  than  to  molecules.  This  gave  impetus  to  examining 
Frohlich’s  insights  about  a  pumped  phonon  model  (PPM)  since 
this  gave  the  prospect  of  aerosol  sized  entities  having  dipole 
moments. 

Frohlich’s  mechanism  required  that  the  pumped  entities  be  in 
isolation  and  this  is  met  by  aerosols  which  at  sea  level 
densities  are  separated  by  10^  times  their  radii.  They  can  be 
pumped  by  photons  to  acquire  giant  dipoles  which  Frohlich 
described  as  being  in  the  manner  of  a  ferroelectric.  Their 
interaction  with  radiation  is  greatly  enhanced  and  this  explains 
their  ability  to  be  strong  absorbers  and  emitters  in  the 
atmosphere  as  is  shown  in  figure  1.  Both  spectra  show 
additional  structure  in  absorption  and  emission  from  aerosols 
and  the  steep  rise  in  emission  for  wavenumbers  less  than  5cm'* 
in  both  spectra  is  notable. 


A 


Figure  1 


Measured  atmospheric  spectra  with  an  instrumental  resolution 
of  0.2cm- 1  are  compared  with  models  of  their  sources  and 
expected  molecular  absorption  as  shown  by  the  thick  line.  In 
figure  1 A  the  source  was  the  sun  as  seen  above  the  HFS 
Jungfraujoch  (altitude  3.5km).  In  IB  the  source  was  an  MB 
mercury  lamp  seen  through  7.5m  path  in  the  laboratory. 


In  figure  2  a  derivation  is  given  from  laboratory  measurements 
of  the  effective  dipole  moments  of  aerosols.  Their  absorption 
at  about  50cm‘*  is  seen  to  be  comparable  with  that  of  a  water 
rotation  line  at  47cm'*  which  has  a  transition  dipole  of  1.1 
debyes  in  an  air  sample  containing  10*’cm'^  water  molecules. 

If  the  aerosol  concentration  [9]  is  taken  as  lO^cm'^  then  to 
order  magnitude  a  transition  moment  of  the  order  of  10^ 
debyes  can  be  inferred.  A  similar  value  for  the  dipole  moments 
of  aerosols  in  the  upper  troposphere  can  be  deducted  from  a 
spectrum  given  in  reference  [10]. 
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Figure  2 

The  conditions  were  as  in  figure  IB.  The  model  (thick  line) 
shows  a  transparent  region  a  few  wavenumbers  wide  in  the 
region  of  50cm"*  in  which  measured  absorption  can  be 
attributed  to  aerosols.  Its  area  is  comparable  with  that  of  the 
water  monomer  line  centred  on  the  47cm"*  and  from  this,  as 
discussed  in  the  text,  a  value  of  the  order  of  a  million  debyes 
for  the  dipole  moment  of  a  single  aerosol  can  be  deduced. 

The  PPM  model  explains  not  only  the  great  strength  of  the 
anomalies  but  why  their  emission  increases  rapidly  with 
decreasing  wavenumber.  This  is  shown  by  both  spectra  in 
figure  1  which  are  representative  of  many  such  measurements. 
It  also  prompted  a  laboratory  study  [1]  in  which  low 
wavenumber  behaviour  was  emphasised  including  the  use  of 
monochromatic  pumping  sources  in  this  wavenumber  range. 
These  gave  emission  spectra  with  power  levels  several  orders 
of  magnitude  higher  than  those  recorded  with  continuum 
pumping.  Finding  that  the  spectral  dependence  of  the 
increment  at  low  wavenumbers  had  the  same  form  at  low  and 
high  emission  strengths  suggested  that  it  was  a  basic  property 
and  gave  further  support  to  the  relevance  of  the  Bose  Einstein 
Condensation  mechanism. 

In  all  of  the  atmospheric  and  most  of  the  laboratory  spectra 
considered  here  what  is  observed  is  dominated  by  maser  action 
[11].  The  wavenumber  range  to  which  this  applies  depends  on 
the  background  spectrum  available  for  amplification  and  is 
usually  that  of  the  pump  radiation  with  any  structure  becoming 
conspicuous  only  when  there  is  adequate  instrumental 
resolution.  Maser  action  is  not  intrinsic  to  the  PPM  but  comes 
from  cooperative  behaviour  between  aerosols  giving 
amplification  and  gain  narrowing  of  their  emission  lines. 


Some  valuable  evidence  for  solar  pumping  at  millimetre 
wavelengths  comes  from  combining  the  results  from  two 
independent  aircraft  experiments.  Nolt  et.  al.  [12]  recorded  sky 
emission  at  12.5km  altitude  with  only  6  microns  of 
precipitable  water  overhead.  As  expected  no  emission  from 
water  lines  at  6.1cm‘*  and  10.7cm’*  was  seen  but  a  feature  at 
about  8cm’*  was  well  established  without  however  making  a 
distinction  between  daytime  and  night-time  data.  Baluteau  et. 
al.  [13]  from  measurements  at  the  same  altitude  show  a  feature 
at  about  8cm’*  which  they  always  observed  in  daylight  but 
never  at  night. 

Operationally  pumped  aerosols  with  their  temperature  and 
humidity  as  important  parameters  will  have  to  be  considered  as 
significant  atmospheric  absorbers  and  emitters  of  millimetre 
waves. 
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As  compared  with  infrared  diode  laser  which  requires  usually  cryogenic 
temperature  operation,  room-temperature  difference-frequency  generation  (DFG) 
based  infrared  source  becomes  recently  attractive  and  alternative  not  only  for  high- 
resolution  molecular  spectroscopy  application,  but  also  environmental  monitoring 
application  [1-2]. 

In  our  continuous-wave  DFG  experiment,  two  orthogonally  polarized  optical 
laser  beams  were  combined  by  use  of  a  polarization  prism  and  coUinearly  focused  by  a 
f=350  mm  lens  into  an  AgGaS2  crystal  operated  at  room  temperature.  A  germanium 
filter  was  used  to  seperate  genrated  infrared  light  from  the  laser  beams.  The  infrared 
radiation,  continuously  tunable  from  3.8  to  6.5  p,m  under  type  1 90°  noncritical  phase¬ 
matching  condition,  was  detecteed  by  a  liquid-nitrogen-cooled  HgCdTe  infrared 
detector.  Configuration  of  two  Ti:Sapphire  solid-state  lasers  was  used  to  cover  the 
3.8-4.5  p.m  region  [3],  and  DCM  dye  and  Ti:Sapphire  lasers  configuration  used  for 
the  4.6-6.5  p.m  spectral  domain  [4],  By  pumping  the  crystal  with  about  300  mW  total 
laser  power,  the  generated  infrared  power  was  in  the  range  of  several  tens  of 
microwatts. 

Significant  improvement  in  optical  coupling  system  has  been  achieved  based  on 
Gaussian  beam  optical  design  consideration.  Laser  beam  waists  focused  inside  the 
crystal  were  frequency-independently  overlapped.  Compromise  between  maximum 
laser  intensities  and  maximal  laser  beam  interaction  coupling  in  the  crystal  was  taken 
into  account  to  optimize  optical  parametric  frequency  down-conversion  efficiency. 
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This  iinprovcnicnt  Icflds  to  3n  incressc  in  generated  infrared  power  roughly  three  times 
higher  than  that  generated  using  a  conventional  optical  design  system. 

Monitoring  of  water  vapor  [5]  and  carbon  dioxide  (CO2)  traces  in  air  has  been 
performed  using  spectroscopic  detection  over  the  0.5-m  open  laboratory  path  between 
the  crystal  and  the  detector.  A  new  numerical  treatment  processing  approach  has  been 
developed  for  atmospheric  sensing  application  in  order  to  extract  spectral  signals 
drowned  in  a  background  stmeture  due  to  phase-mismatching  and  etalon  interference 

fringes  effects. 
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Abstract 

Particle  size  distribution  at  each  10  meters  in  the 
vertical  for  an  advection  and  a  radiation  fog  are  analyzed  to 
determine  liquid  water  loss  for  millimeter  and  infiared 
wavelengths  along  a  3  degree  glideslope.  Fog  dropsize 
distributions  in  both  fog  layers  are  well  fitted  to  a  gamma 
distribution.  The  radiation  fog  imposes  minimal  fada  margin 
requirements  on  millimeter  wave  imaging  systems,  however, 
one  way  fog  attenuation  along  the  glideslope  for  the  advection 
fog  is  in  the  1  to  6  dB  range  fw  the  millimeter  wave 
spectrum.  Infiared  fede  margin  requirements  fw  both  fcg 
layers  are  two  orders  of  magnitude  greater  than  for  millimeter 
waves. 


Introduction 

Infiared  and  millimeter  wave  runway  imaging  sensors 
have  recently  been  proposed  as  means  fcff  landing  and  taxiing 
aircraft  in  fog,  [1,  2].  Fade  margin  may  be  defined  as  the 
excess  clear  air  system  signal  to  noise  ratio  required  to  insure 
adequate  image  quality  when  the  path  between  the  imaging 
sensor  and  the  scene  is  populated  with  liquid  or  frozen  water. 
This  paper  focuses  on  IR  and  millimeter  wave  fede  margin 
requirements  for  a  shallow  radiation  fog  and  a  deep  advection 
fog  [3]. 


Fi^re  1 :  Horizontal  visibility  as  a  function  of 
height  in  the  Vandenburg,  AFB  and  Huntington, 
WV  fog  layers. 


Figure  1  represents  the  horizontal  visibility  for  the  radiation 
fog  recorded  at  Huntington,  WV  (HUN)  and  the  advection  fog 
documented  at  Vandenbuig,  AFB,  CA  (VAFB).  A  fcHward 
scattering  spectrometer,  liquid  water  content  (LWC),  and 
temperature  sensor  were  on  board  a  Gulfetream  n  aircraft  as  it 
landed  in  fog  along  a  3  degree  glideslope.  Fog  particle  size 
data  analyzed  in  this  paper  were  averaged  at  each  ten  meters  in 
the  vertical  over  six  landings  at  VAFB  and  two  landings  at 
HUN.  3-5pm  and  8.6mm  imaging  sensors  were  on  board  to 
facilitate  landing  in  the  low  visibility  fog  layers.  Only  the 
8.6mm  system  obtained  a  runway  image  suitable  for  landing 
in  either  fog  layer. 

Figure  2  is  a  schematic  representation  of  a  runway 
and  a  3  degree  glideslope  immersed  in  fog.  IR  and  millimeter 
wave  fede  margin  predictions  are  calculated  fi-om  the  current 
aircraft  position  along  the  glideslope  to  the  touchdown  point. 
Fade  margin  is  then  displayed  in  dB  as  a  function  of  aircraft 
height  above  the  runway. 


Figure  2:  Geometiy  used  to  calculate  fade  margin 


Fog  Layer  Modeling 

The  particle  size  data  taken  for  both  fog  layers  were 
collected  in  3|im  bins  fi-om  diameters  of  2  pm  to  47  pm  and 
well  fit  to  a  gamma  size  distribution  given  in  Equation  1 . 

n(z,D)  =  a(z)  D'  exp(-pD)  ( i ) 

n  s  fog  drop  number  concentration 
z  =  vertical  distance  fi-om  surface 
D  s  fog  drop  diameter 
a  s  vertical  fit  parameter 

A  regression  analysis  for  P  fi-om  (1)  in  both  the  VAFB  and 
HUN  fogs  found  a  weak  dependence  on  z  with  values  of  0.445 
±0.015  and  0.463  ±  0.06  respectively.  The  vertical  fit 
parameters  a  fi-om  (1)  are  given  in  Equations  2  and  3. 
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VAFB:  a(z) «  2.377  X  10^  +  5026.9  z  - 19.614  z*  (2) 
HUN:  a(z)  «  24710  z'^  exp(*0.066z)  (3) 


Equation  4  predicts  the  attenuation  due  to  fog  in  dB  along  a 
slant  path  of  angle  0. 


Si(z)  =  8.686 -2a 


ksinG 


n(C,  D)  f  (k,  D,  \l)  dD 


(4) 


k  H  wave  number 

/(k,  d,  U)  s  imaginary  part  of  forward  scattering  Mie 
coefficient 

p.  s  refractive  index  of  fog  drop 


Calculations  of  the  Mie  coefficient  are  accomplished  by  means 
of  a  subroutine  adapted  from  Bohren  and  Huffinan[4].  A 
significant  difficulty  at  the  IR  wavelengths  is  the  prediction  cf 
the  refractive  index  of  water  drops  and  we  have  the  piece- 
wise  expressions  of  Ray  [5]  to  do  so.  Combining  (1),  (2), 
and  (3)  with  (4)  and  adding  a  factor  of  1/30  to  convert  to  a 
1pm  bin  and  a  1  meter  vertical  resolution  yields  Equations  5 
and  6  for  slant  path  attenuation  in  the  VAFB  and  HUN  fog 
layers  respectively. 


Si{z)  =  (2.377  X  10^  z  +  5.027  X  10^  z^  -  19.614  z^) 

30 


?7C- 
k  sinO 


D‘‘e-P^/(k,D,M-)dD 


VAFB 


(5) 


Figure  3  represents  the  one  way  fede  margin 
predictions  from  (5)  for  the  VAFB  fog.  The  fede  margin 
requirements  at  8.6  mm  (35  GHz)  and  6.8  mm  (44  GHz)  are 
of  little  system  engineering  concern,  however,  the  5.4dB  fede 
margin  prediction  at  3.2  mm  (95  GHz)  must  be  considered 
when  evaluating  an  imaging  sensor  design.  The  fer  infrared 
shows  slight  improvement  over  the  near  infrared  but  the  IR 
margin  requirements  are  two  orders  of  magnitude  above 
those  predicted  for  millimeter  waves. 


Figure  3:  Millimeter  wave  and  IR  fade  margin 
predictions  for  the  VAFB  fog. 


Si(z)  =ME6  (2.471  X  10^  z*'^ 

30 

_22L_  DS'P®f(k,D,p)dD 
k  sine  J  HUN  (6) 

The  one  way  fede  margin  predictions  for  HUN  are 
given  in  Figure  4  and  indicate  a  negligible  impact  on 
millimeter  wave  imaging  systems  but  significant  losses  at  the 
IR  wavelengths. 


Figure  4;  Millimeter  wave  and  IR  fade  margin 
predictions  for  the  HUN  fog. 


Conclusions 

Liquid  water  fade  margin  requirements  for  millimeter 
wave  runway  imaging  sensors  become  more  significant  as 
wavelength  decreases  and  the  depth  and  LWC  of  the  fog  layer 
increases.  Infrared  runway  imaging  sensors  will  experience 
severe  liquid  water  losses  even  in  shallow  radiation  fog. 
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Abstract 

Important  astrophysical  experiments  at  far  infrared  and 
millimeter  wavelengths  require  receivers  of  extremely 
high  sensitivity.  These  requirements  have  driven  the 
development  of  sensitive  direct  detectors  and  heterodyne 
mixers  over  the  past  30  years.  This  development  will  be 
reviewed  with  attention  to  the  kinds  of  astrophysics  being 
done  and  to  the  physical  principles  of  receiver  operation. 
Direct  detectors  discussed  will  include  the  Ge:Ga 
photoconductive  detectors,  composite  bolometers  with 
metal  film  absorbers  and  doped  semi-conducting 
thermistors  and  the  voltage-biased  superconducting 
bolometer  which  shows  promise  for  future  applications. 
The  evolution  of  heterodyne  mixers  from  the  Schottky 
barrier  diode  to  the  SIS  quasiparticle  mixer  to  hot 
electron  bolometric  mixers  will  also  be  described. 

A.  Introduction 

Most  of  the  electromagnetic  energy  in  the  universe  falls 
in  the  range  from  far  infrared  to  millimeter  wavelengths. 
The  dominant  contribution  is  the  cosmic  microwave 
background  (CMB)  which  has  the  spectrum  of  a  2.73K 
blackbody  with  a  peak  at  ~2  mm.  This  radiation  was  in 
thermodynamic  equilibrium  with  the  matter  in  the 
universe  at  a  time  when  that  matter  was  a  hot  ionized 
plasma.  As  the  universe  expanded  and  cooled,  electrons 
and  protons  combined  to  form  hydrogen  and  the  plasma 
disappeared.  The  background  radiation  that  we  see  today 
has  been  propagating  freely  through  the  essentially 
transparent  universe  since  that  time  and  has  been  Doppler 
shifted  to  microwave  frequencies.  It  contains  detail^ 
information  about  the  state  of  the  universe  at  the  time  of 
recombination  when  the  plasma  disappeared.  Studies  of 
the  spectrum  and  anisotropy  of  this  radiation  have 
strongly  driven  the  development  of  bolometric  direct 
detectors  at  millimeter  and  submillimeter  wavelengths. 

Galaxies  like  the  Milky  Way  contain  large  quantities  of 
dust  which  is  heated  by  starlight  to  temperatures  of  order 
20  K.  The  thermal  radiation  from  this  warm  dust 
provides  the  second  strongest  contribution  to  the 
electromagnetic  energy  density  of  the  universe.  It  is 
stronger  than  the  microwave  background  inside  galaxies, 


but  much  weaker  in  the  vast  regions  of  intergalactic  space. 
The  spectrum  of  dust  emission  is  that  of  a  20  K  blackbody 
modified  by  a  small  emissivity  which  varies  as  frequency 
squared.  Consequently,  the  p^  occurs  at -100  pm.  The 
need  to  study  this  galactic  dust  emission  has  driven  the 
development  of  the  gallium  doped  germanium 
photoconductor  and  the  stressed  gallium  doped  germanium 
photoconductor  which  provide  very  high  sensitivity  at  far 
infrared  wavelengths  from  50  to  200  pm.  It  has  also 
driven  the  development  of  bolometers  for  far  infrared 
wavelengths. 

The  second  important  galactic  contribution  to  the  far 
infrared  and  millimeter  wave  energy  of  the  universe  comes 
from  galactic  gas  clouds.  The  temperature  of  this  gas  is 
similar  to  that  of  the  dust.  Its  emissivity  can  be  much 
larger  than  the  dust,  but  only  at  the  frequencies  of  atomic 
and  molecular  transitions.  Consequently,  the  far  infiared 
and  millimeter  wave  spectra  of  galaxies  are  composed  of  a 
thermal  dust  continuum  on  which  atomic  and  molecular 
emission  lines  are  superimposed.  Observations  of  these 
lines  can  produce  a  wealth  of  detailed  information  about 
the  physics  and  chemistry  of  galactic  gas.  These  scientific 
opportunities  have  driven  the  development  of  high 
frequency  Schottky  diode  mixers,  SIS  quasiparticle 
heterodyne  mixers,  and  hot  electron  bolometric  mixers. 
Direct  detectors  such  as  the  stressed  germanium 
pholoconductor  have  played  an  important  role  at  far 
infrared  wavelengths. 

Two  types  of  receiver  are  used  in  the  far  infrared 
millimeter  wave  band.  For  low  frequencies  and  narrow 
bandwidths,  the  best  sensitivity  is  obtained  by  using  a 
device  technically  known  as  a  phase  conserving  linear 
photon  amplifier.  Examples  of  importance  for 
astrophysics  include  high  electron  mobility  transistor 
(HEMT)  amplifiers  and  heterodyne  mixers  (which 
produce  more  photons  at  the  intermediate  frequency  than 
are  absorbed  at  the  signal  frequency).  Since  the  phase  is 
conserved,  there  is  a  quantum  uncertainty  of  ±  1  in  the 
number  of  photons  in  the  receiver  on  a  time  scale  equal  to 
the  inverse  of  the  bandwidth.  At  higher  frequencies  and 
for  experiments  which  can  make  use  of  wider  bandwidths, 
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this  quantum  noise  becomes  a  severe  limitation.  Better 
sensitivity  is  obtained  using  direct  detectors  such  as 
photoconductors  and  bolometers  .  Since  direct  detectors 
do  not  conserve  phase  there  is  no  quantum  noise.  In 
practice  for  the  -20%  bandwidths  used  for  photometry, 
the  crossover  between  these  ^roaches  occurs  at  mm 
wavelengths.  For  a  resolution  of  10’^,  used  for 
spectroscopy,  the  crossov^  is  near  10pm.  Direct  detectors 
can  in  principle  count  individual  photons.  The  photon  rate 
for  sources  at  far  infrared  to  millimeter  wavelengths, 
howevCT,  is  typically  far  too  high.  The  ideal  direct 
detector,  therefore,  is  limited  only  by  random  fluctuations 
in  the  rate  of  arrival  of  signal  photons  at  the  detector. 

Astronomical  receivers  do  not  have  information  about  the 
phase  of  the  radiation  source.  Consequently,  they  all 
incorporate  direct  detection  at  some  stage.  For  example,  a 
heterodyne  downconverter  is  followed  by  a  diode  detector 
or  a  correlator.  In  a  photoconductive  or  bolometric 
receiver  the  direct  detection  is  at  the  front  end.  It  is  an 
unfortunate  fact  that  each  type  of  receiver  is  supported  by 
a  community  whose  terminology  is  not  always  compatible 
with  other  receiver  types.  The  word  detector  is  used  to 
describe  very  different  devices  which  convert 
electromagnetic  wave  energy  to  a  steady  state  output. 
Examples  include  ”lock-in  or  homodyne  detector", 
"heterodyne  detector",  "HEMT  detector",  "photon 
detector",  etc.  Given  this  wide  range  of  usages  in  our 
wavelength  range,  it  is  best  to  use  the  more  explicit  term 
direct  detector  when  describing  the  conversion  of  incident 
power  or  photon  rate  to  output  voltage  or  current  A 
heterodyne  downconverter  produces  a  difference  frequency 
which  results  from  the  product  of  the  incident  electric 
field  with  that  from  a  local  oscillator.  There  is  no 
confusion  about  the  meaning  of  linear  amplifier.  In  each 
case,  the  name  is  for  a  function,  not  for  a  device.  In  some 
cases,  the  same  device  can  be  used  for  more  than  one 
function. 

Linear  photon  amplifiers  are  given  a  variety  of  names, 
some  of  which  arc  misleading.  The  name  coherent  receiver 
is  frequently  used  to  emphasize  that  such  systems  often 
have  narrow  frequency  bandwidths  and  respond  only  to 
one  spatial  electromagnetic  mode.  The  usefulness  of  this 
distinction  is  blurred,  however,  because  modem  photon 
amplifiers  can  have  quite  wide  fractional  bandwidths  and 
direct  detectors  arc  often  used  with  narrow  band  filters 
and  with  diffraction  limited  optical  systems  which  limit 
the  throughput  to  a  single  spatial  mode. 

The  sensitivity  of  infrared  receivers  with  moderate  and 
broad  bandwidths  is  often  limited  by  background  radiation 
arising  from  sources  other  than  the  signal.  For  example 
the  background  can  cause  excess  noise  in  photoconductors. 
Also,  the  responsivity  of  bolometers  must  be  reduced  to 
avoid  saturation  by  this  background.  In  all  cases,  the 


photon  noise  from  the  background  is  superimposed  on  the 
signal.  A  primary  goal  in  all  astronomical  observations  is 
to  reduce  the  excess  backgrounds  to  an  absolute  minimum. 
This  is  done  by  observing  from  mountain  top,  aircraft, 
balloon,  and  space  platforms,  sometimes  with  cooled 
optics.  This  paper  will  focus  primarily  on  the 
performance  of  astronomical  detectors  at  the  lowest 
achievable  backgrounds. 

B.  Direct  Detectors 

The  far  infrared  photoconductive  detectors  developed  for 
the  Space  Infrared  Telescope  Facility  (SIRTF)  are  the 
most  advanced  yet  developed  for  low  background 
conditions.  These  devices  arc  called  photon  detectors 
because  the  current  from  a  carrier  excited  into  a  band  is 
measured  before  the  carrier  is  thermalized.  SIRTF  is  a 
pointed  NASA  infrared  space  instrument  with  a 
superfluid  He  cooled  telescope  which  is  scheduled  for 
flight  in  2002.  One  primary  goal  of  SIRTF  will  be  to  do 
deep  infrared  surveys  using  direct  photon  detectors  on 
wavelength  bands  centered  at  12, 30, 70  and  160  |jm.  The 
number  and  size  of  detectors  is  selected  to  obtain  the 
highest  resolution  on  the  sky  consistent  with  the  85  cm 
primary  mirror  diameter,  and  to  simultaneously  produce 
maps  with  the  same  sky  coverage  in  each  band  which  are 
limited  only  by  unavoidable  astrophysical  backgrounds.  In 
the  far  infrared,  for  example,  the  noise  level  will  be  low 
enough  that  the  maps  will  be  limited  by  confusion  arising 
from  multiple  sources  in  each  pixel. 

The  70  |im  band  on  SIRTF  uses  Ge:Ga  chips  produced  at 
Berkeley.  The  32  x  32  square  array  of  these  detectors  has 
been  designed,  assembled  and  tested  at  the  Steward 
Observatory  in  Arizona.  The  160  |im  band  uses  Ge:Ga 
detector  chips  under  uniaxial  stress  in  a  2  x  20  detector 
close  backed  array.  Important  features  of  these  arrays 
include  the  optimally  doped  very  low  compensation  Ge. 
ion  implanted  contacts,  and  a  readout  that  makes  use  of 
low  temperature  charge  integration  amplifiers  and  a 
silicon  multiplexer.  Performance  characteristics  [1]  are 
very  good.  In  the  two  bands,  dark  currents  are 
approximately  100  and  300  e/s,  detective  quantum 
efficiencies  are  10  and  5%  and  the  read  noise  is  -30e.  In  a 
typical  10s  observation  the  rms  noise  is  -lOOe,  giving 
NEP  of  4  and  24x10-^8  w/VhT. 

As  originally  conceived,  SIRTF  was  to  include  a  four 
bolometer  array  for  a  band  at  300  pm  and  a  single 
bolometer  at  700  pm.  In  order  to  achieve  the  sensitivity 
required  to  reach  the  confusion  limit  in  these  bands,  it  was 
necessary  to  cool  the  detectors  to  100  mK.  An  adiabatic 
demagnetization  refrigerator  was  developed  at  Berkeley 
and  many  space  qualification  issues  successfully  addressed 
[2]  before  the  SIRTF  project  was  descoped  and  the  long 
wavelength  bands  were  removed  to  reduce  costs. 
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Many  astrophysical  projects  would  profit  from  sensitive 
photon  detectors  at  longer  wavelengths  than  200  pm.  A 
number  of  semiconductor  systems  have  low  enough 
excitation  energy  to  be  candidates.  None,  however,  have 
the  material  quality  necessary  to  achieve  astronomically 
interesting  performance  in  low  backgrounds.  Current 
woric  on  Ge  BIB  detectors  and  on  ultrapure  GaAs  appears 
promising  for  the  future.  Long  wavelength  photon 
detectors  require  low  temperatures  to  avoid  thermally 
generated  dark  currenL  The  temperature  for  the  SIRTF 
160  pm  band  is  ~1.5K.  Photon  detectors  for  a  -500  pm 
band,  therefore  would  require  cooling  to  500  mK,  and 
would  have  no  cooling  advantage  over  ^He  cooled 
bolometers. 

The  most  sensitive  direct  detectors  for  wavelengths  longer 
than  200  pm  are  bolometers  cooled  to  300  mK  with  ^He 
or  to  100  mK  by  an  adiabatic  demagnetization  or  a 
dilution  refrigerator  [3].  A  bolometer  is  a  thermal 
detector  in  which  the  energy  of  the  absorbed  photon  is 
thermalized  before  the  resulting  temperature  rise  is 
detected  by  a  thermistor.  Bolometers  have  been  highly 
developed  for  measurements  of  the  anisotropy  of  the 
cosmic  microwave  background.  They  frequently  use 
neutron  transmutation  doped  germanium  thermistors  from 
Berkeley  mounted  on  a  dielectric  substrate  which  is  coated 
with  a  metal  film  absorber.  In  the  microwave  background 
application  where  backgrounds  are  low  and  bandwidths  of 
20%  can  be  used,  such  bolometric  receivers  provide  the 
highest  available  sensitivity  for  wavelengths  out  to  1  cm 
(30  GHz)  where  their  sensitivity  is  equal  to  that  of 
cooled  HEMT  receivers.  Of  particular  interest  is  the 
spider  web  bolometer  developed  at  Caltech.  In  this  case, 
the  dielectric  substrate  is  a  metalized  Si3N4  membrane  in 
the  shape  of  an  orb  spider  web  with  98%  open  space.  The 
holes  are  small  compared  to  the  wavelength  so  the 
millimeter  wave  absorptivity  can  be  comparable  to  that 
for  a  continuous  metal  film.  The  cross  section  for  cosmic 
rays,  however,  is  very  small.  Using  multilayer  metal 
mesh  bandpass  filters,  such  bolometers  can  achieve  photon 
noise  limited  performance  on  the  microwave  background 
'  photons  alone  [4]. 

A  large  number  of  millimeter  and  submillimeter  wave 
experiments  have  been  done  to  extract  the  important 
cosmological  information  that  is  available  from  the 
microwave  background  radiation.  The  FIR  AS  experiment 
on  the  Cosmic  Background  Explorer  Satellite  used  a 
composite  bolometer  and  a  polarizing  interferometer  to 
make  an  extraordinarily  precise  measurement  of  the  CMB 
spectrum.  The  DMR  experiment  on  COBE  demonstrated 
that  fluctuations  exist  in  the  CMB  on  angular  scales  near 
10®.  Balloon-based  bolometric  experiments  and  ground 
based  experiments  using  HEMT  receivers  and  have 
detected  fluctuations  in  the  microwave  background  on 


angular  scales  down  to  0.1®.  A  new  graeration  of 
experiments  is  coming  on  line.  The  most  powerful 
combine  bolometric  arrays  with  long  duration  ballooning 
from  Antarctica  and  HEMT-based  radio  interferometers 
sited  in  the  Canary  Islands,  Chile  and  Antarctica.  The 
spider  bolometers  operated  at  100  mK  on  the  MAXIMA 

experiment,  for  example,  have  NEP<2xl0*^”^  W/VhT  at 
wavelengths  of  2  mm. 

A  recent  report  by  the  National  Academy  of  Sciences  has 
recommended  that  the  highest  scientific  priority  in 
astrophysics  be  given  to  the  determination  of  the 
geometry,  size,  and  material  content  of  the  universe  from 
studies  of  the  CMB.  NASA  has  selected  the  Midex 
mission  MAP,  which  will  be  launched  in  2001.  It  uses 
HEMT  amplifiers  to  survey  the  anisotropy  of  the  cosmic 
microwave  background.  The  European  Space  Agency  has 
selected  the  PLANCK  Explorer  spacecraft  as  a  mid-size 
mission  for  CMB  anisotropy  studies  using  both  HEMTs 
and  bolometers.  The  baseline  design  includes  spider 
bolometers  with  neutron  transmutation  doped  germanium 
thermistors  cooled  to  100  mK  by  a  dilution  refrigerator. 
The  target  date  for  the  PLANCK  explorer  is  2005. 

When  using  low  background  bolometers,  there  is  often  a 
tradeoff  between  sensitivity  and  the  required  speed.  A 
new  technical  development  promises  to  increase  the  speed 
of  bolometers  with  no  sacrifice  in  sensitivity. 
Superconducting  transition  edge  bolometers  have  been 
discussed  since  the  1940's  but  rarely  used  because  bias 
current  must  be  maintained  low  to  prevent  thermal 
instability.  The  new  approach  [5]  is  to  bias  the  bolometers 
with  a  constant  voltage  and  read  out  the  current  with  a 
SQUID  amplifier.  The  electro-thermal  feedback  is  then 
negative  and  can  have  an  effective  gain  of  several  hundred. 
The  bolometer  thus  operates  as  a  null  detector  with 
feedback  holding  the  temperature  constant.  A  far  infrared 
or  millimeter  wave  bolometer  with  a  voltage-biased 
superconducting  thermistor  has  a  number  of  advantages 
over  bolometers  using  doped  semiconducting  thermistors. 
The  speed  of  response  is  increased  by  a  factor  equal  to  the 
effective  feedback  gain,  which  can  be  several  hundred.  The 
detector  is  very  linear  with  a  current  responsivity  equal  to 
the  inverse  of  the  bias  voltage.  The  thermistors  can  be 
produced  by  thin  film  deposition  and  optical  lithography. 
SQUID  amplifiers  can  operate  at  low  temperatures  close 
to  the  bolometer,  and  have  very  low  power  dissipation. 
Their  noise  is  well  understood  and  is  low  enough  for 
bolometer  applications  both  in  the  white  noise  and  inverse 
frequency  noise  regimes.  It  may  prove  possible  to  make 
multiplexers  using  superconducting  switching  techniques. 

C.  Heterodyne  Mixers 

Heterodyne  downconverters  using  Schottky  barrier  diodes 
in  waveguide  structures  have  played  an  important  role  in 
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radio  astronomy  at  ever  decreasing  wavelengths.  Receivers 
based  on  these  mixers  were  highly  developed  at 
millimeter  wavelengths  for  molecular  line  radio 
astronomy.  The  superconductor-insulator'supo’conductor 
(SIS)  quasiparticle  heterodyne  mixer  has  largely  replaced 
^e  Schottl^  diode  for  wavelengths  near  1  mm.  It 
provides  lower  noise,  a  lithographed  planar  construction, 
and  a  smaller  local  oscillator  power  requirement 
Receivers  based  on  SIS  mixers  with  both  waveguide  and 
planar  antenna  configurations  give  double  sideband  noise 
temperature  approximately  10  times  the  quantum  limit 
Tk  =  hv/k  for  frequencies  up  to  the  bandgap  of  the 
superconducting  niobium  used  for  the  tunnel  junction  [6]. 
Efforts  are  being  made  to  extend  the  range  of  SIS  mixers 
using  superconductors  with  larger  bandgaps.  Much 
attention  has  been  given  recently  to  a  hot  election 
bolometric  heterodyne  downconverter.  The  device  is  a 
very  small  thin  film  superconducting  microbridge  which 
is  designed  to  cool  very  rapidly  by  hot  particle  diffusion 
from  the  bridge  into  the  surrounding  metal  film.  The 
response  speed  is  fast  enough  to  make  heterodyne 
downconverters  with  gigahertz  of  bandwidth.  At  the 
present  state  of  development,  the  noise  in  receivers  made 
with  hot  electron  bolometric  mixers  is  ~20  times  the 
quantum  limit,  so  these  devices  do  not  supplant  the  SIS 
mixer.  They  are  very  promising,  however,  for  frequencies 
above  the  limits  set  by  the  superconducting  energy  gap. 

Millimeter  and  submillimeter  wavelength  heterodyne 
receivers  are  used  for  molecular  line  astronomy  through 
atmospheric  windows  from  high  ground-based  sites  and 
from  airborne  observatories  such  as  the  NASA's  KAO  and 
the  forthcoming  SOPHIA.  NASA  has  considered  space 
observatories  for  this  type  of  astronomy  including  the 
Large  Deployable  Reflector  and  the  Submillimeter 
Explorer,  but  neither  has  been  selected.  The  European 
Space  Agency  has  selected  the  FIRST  cornerstone  mission 
with  a  launch  target  of  2005.  This  mission  is  designed 
around  bolometers  for  continuum  observations  and  large 
numbers  of  heterodyne  downconverters  for  molecular  line 
studies. 
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RELATIVISM  IN  MICROWAVE  ELECTRONICS 

(plenary  talk) 

M.I.Petelin 

Institute  of  Applied  Physics,  Russian  Academy  of  Sciences, 

Nizhniy  Novgorod,  Russia 

In  the  philosophy  (assumed  to  be  the  science  of  all  sciences)  the 
relativism  recommends  that  all  values  should  be  measured  relative  to 
other  ones.  In  the  physics  the  relativism  recommends  to  measure 
observable  values  relative  to  reference  ones  being  most  natural  for  a 
concrete  situation.  In  the  classical  electronics  the  most  natural 
reference  values  are  the  electron  charge  e,  the  electron  mass  m  and 
the  light  velocity  c;  their  combinations  producing  the  *absolute 
electron  voltage*  Ue=mc2/e=0.5  MV,  the  *absolute  electron  current* 
Ie=mc3/e=17  kA  and  the  *absolute  electron  power*  Pe=IeUe=8.5  GW.  In 
the  classical  microwave  electronics,  if  the  operating  voltage  U  of  a 
radiation  source  is  small  compared  with  Ue,  the  electron  velocity  v 
is  small  compared  with  the  light  velocity  (v«c).  In  this 
non-relativistic  domain,  where  the  microwave  electronics  dwelled 
monopolically  for  a  half  a  century,  the  now  famous  klystron, 
magnetron,  TWT  and  their  close  relatives  were  conceived.  That  golden 
age  of  the  classical  microwave  electronics  was  interrupted  with 
advent  of  quantum  masers  (later  lasers)  and  solid  state  sources  ( 
transistors  et  al),  and  now  the  classical  electron  devices  make 
sense,  only  if  producing  sufficiently  high  powers  accessible  only  at 
relatively  high  operating  voltages.  When,  with  the  rise  of  voltage, 
the  velocity  of  electrons  becomes  commensurable  with  that  of  the 
light,  their  dynamics  becomes  governed  by  relativistic  laws 
accompanied  with  a  number  of  favorable  Consequences.  One  of  them, 
namely  the  gyro-frequency  dependence  on  the  electron  energy,  is  used 
in  the  cyclotron  resonance  masers,  providing  the  prevalence  of 
stimulated  radiation  over  absorption.  Now  the  most  efficient  version 
of  the  cyclotron  resonance  masers,  namely  the  gyrotron,  delivers 
relatively  high  powers  at  millimeter  and  submillimeter  waves.  Another 
favorable  effect  at  the  relatively  high  electron  energies  is  the 
relativistic-Doppler  up-conversion  of  the  radiation  frequency,  which 
at  U»Ue  is  (U/Ue)2  times  higher  relative  to  the  frequency  of 
electron  oscillations  in  the  focusing  macroscopic  field.  Due  to  this 
effect,  the  classical  generators  of  coherent  electromagnetic 
radiation  have  penetrated  into  relatively  high  frequencies:  up  to  the 
UV  band.  As  for  the  microwaves  being  more  traditional  for  the 
classical  Cherenkov  electronics,  here,  due  to  relativistic  effects, 
the  power  P  of  coherent  radiation  sources  has  become  commensurable 
with  the  Pe  (in  the  pulse  regime),  the  operating  currents  I  being 
commensurable  with  the  le.  it  is  important  that  the  growth  of  P/Pe  is 
being  provided  with  growth  of  not  only  U/Ue ,  but  of  another 
indep^dent  parameter  as  well,  namely  of  the  relative  cross  dimension 
R/lambda  of  the  microwave  interaction  soace.  where  lambda  is  the  free 

space  wave  length  and  R  is,  e.g.,  the  inner  radius  of  the  device. 
Note,  however,  that  the  interaction  space  expansion  is  possible,  only 
If,  using  proper  methods  of  mode  selection,  the  output  radiation- is 
kept  coherent,  because  most  of  consumers  do  not  need  non-coherent 
last  viewpoint  it  seems  likely  that  one  of  the  first 
^^sgistered  relativists,  Protagoras,  was  not  quite  wrong 
with  his  dictum:  *Man  is  the  measure  of  all  things*. 
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Long-pulse  operation  of  110-GHz  1-MW  Gyrotron 

V.E.  Myasnikov,  M.V.  Agapova,  V.V.  Alikaev,  A.A  Bogdashov,  A. A.  Borschegovsky,  G.G.  Denisov, 
V.A  Flyagin,  A.Sh.  Fix,  V.I.  V.N.  Ilyin,  V.A.  Khmara,  D.V.  Khmara,  A.N.  Kostyna, 

V.O.  Nichiporenko,  L.G.  Popov,  V.E.  Zapevalov 

GYCOM  Ltd.,  46  Ulianov  St,  Nizhny  Novgorod,  603600,  RUSSIA 


Abstract 

110  GHz  gyrotron  with  an  output  power  of  1  MW  was 
developed  and  its  parameters  were  measured  at  pulse  duration 
range  from  1  s  to  10  s.  Gyrotron  has  a  traditional 
configuration  with  built-in  converter  of  operating  mode  TE19.5 
to  wave  beam  of  optimized  power  density  distribution  over  the 
output  window  surface.  A  boron  nitride  single  disk  was  used 
for  the  gyrotron  output  window.  Maximal  window 
temperature  was  limited  at  the  level  of  950°  C.  The  gyrotron 
collector  was  equipped  with  additional  solenoid  scanning  an 
electron  beam  along  the  collector . 

The  gyrotron  output  power  was  of  900  kW  at  2  s  pulses,  of 
500  kW  at  5  s  pulses  and  of  350  kW  at  10  s  pulses. 

The  gyrotron  was  produced  within  the  frame  of  the 
contract  between  Gycom  Ltd.  and  CCFM  Canada. 

Gyrotron  design 

The  gyrotron  design  in  its  main  subunits  is  similar  to  that 
one  used  for  the  gyrotron  which  was  developed  before  [1]  and 
shipped  to  GA,  San  Diego,  USA. 

The  electron-optical  system  is  designed  for  a  beam  voltage 
of  80  kV  and  a  be^  current  up  to  40  A.  The  electron  velocity 
spread  is  less  then  20  %.  The  impregnated  metal-porous 
emitter  with  the  maximal  current  density  of  not  more  then 
4  A/cm^  is  used.  Measured  value  of  the  emission  current 
inhomogeneity  is  discovered  to  be  within  ±10  %.  The 
calculated  velocity  ratio  is  of  1.3  in  the  operating  regimes. 

Cavity  specific  losses  of  the  TE195  operating  mode  are 
about  2  kW/cm^  at  1  MW  output  power.  Cavity  cooling 
system  allow  to  have  losses  value  up  to  3  kW/cm^  at  inner 
wall  maximal  temperatiue  not  more  then  250°C. 

The  built-in  converter  of  the  operating  mode  in  the  wave 
beam  includes  a  visor  of  the  optimized  shape  and  three 
mirrors.  The  last  mirror  has  a  nonquadric  shape.  It  forms  the 
output  radiation  with  the  relatively  uniform  distribution  over 
the  output  window.  The  calculated  TEMoo  mode  contents  is  of 
85-89  %  with  internal  6-7%  and  external  5-6%  diffraction 
losses. 

The  gyrotron  collector  has  the  average  diameter  of 
240  mm  and  the  length  of  about  800  mm.  Due  to  the  use  of 
the  additional  sweeping  current  solenoid  the  electron  beam  is 
spread  over  the  surface  of  about  5000  cm^  at  the  average  heat 
load  of  0.5  kW/cm^  and  the  inner  surface  maximal 
temj^rature  of  260  °C.  The  water  flow  rate  in  the  collector 
cooling  circuit  is  of  1200  1/min  at  the  pressure  of  3  bar. 


The  collector  and  the  cavi^  heat  transfer  constants  are 
less  than  1.5  s. 

The  gyrotron  potential  capability  to  o^rate  with  the 
longer  pulses  is  limited  basically  with  the  output  window 
features.  For  the  BN  disc  of  130  mm  diameter  ,  which  was 
used  for  output  window  in  this  tube,  tan  5  -  1.1  *  10'\ 
window  losses  total  value  is  about  4%.  The  window  maximal 
temperature  in  any  case  has  not  to  exceed  the  level  of  950  °C 
because  the  higher  temperature  can  lead  at  the  normal 
conditions  to  non-reversible  changes  of  the  output  window 
parameters.  To  check  the  window  temperature  siuface 
distribution  and  its  maximal  value  the  special  diagnostic 
equipment  and  measuring  method  were  developed. 

Testing  Results 

The  results  of  the  two  gyrotrons  long-pulse  testing  are 
presented  below.  Gyrotron  output  power  during  the  test  was 
absorbed  by  the  brick  load.  Output  power  was  calculated  from 
the  measured  values  of  the  window  absorbed  power  and  the 
window  losses  coeflScient. 


Table  1.  Gyrotron  fundamental  parameters  at  2  s  and  5  s 
pulse  length. 


Pulse  duration,  s 

2 

5 

Frequency,  GHz 

109.76 

109.92 

Total  output  power,  MW 

0.83 

0.37 

RF  power  in  the  TEMoo  mode,  MW 

0.7 

0.32 

Efficiency,  % 

37 

30 

Beam  voltage,  kV 

69.5 

60 

Beam  current,  A 

27.3 

18.1 

The  gyrotron  output  power  as  a  function  of  beam  voltage 
at  pulse  duration  of  2  s  is  shown  in  the  Fig.  1 . 

For  one  of  the  two  tested  gyrotrons  the  regimes  of  its 
operation  at  longer  pulses  (up  to  10  s)  were  investigated,  as  it 
was  done  before  for  140  GHz  gyrotron  [2].  During  this 
experiments  maximal  window  temperature  was  checked  and 
window  temperature  surface  distribution  was  measured  by 
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means  of  the  in&ared  camera.  In  the  Fig.  2  gyrotron  output 
power  is  plotted  against  pulse  duration  at  window  diffarpint 
mmdmal  temperatures.  The  admissible  limit  of  900°C  for  the 
window  ma^dmal  temperature  was  set  in  this  experiment. 
Measured  values  of  the  output  power  at  maximal  window 
temperature  of  (850-870)®C  were;  850  kW  with  2  s  pulse,  520 
kW  with  5  s  pulse,  410  kW  with  7  s  pulse  and  350  kW  with 
10  s  pulse. 

The  test  of  the  gyrotron  matching  to  the  quasioptical  line 
was  carried  out.  This  line  consisted  of  the  mirror  optics  unit, 
power  measuring  unit  (included  the  polarizer)  and  the  piece 
of  a  corrugated  waveguide  of  88.9  mm  diameter  and  1  m 
lenght.  At  the  waveguide  end  the  output  power  accounts  for 
700  kW  in  the  2  s  pulse.  In  the  power  measuring  unit  both 
forward  and  reflected  power  signals  are  monitored. 

Summary 

The  megawatt  power  level  gyrotrons  with  the  single  disc 
BN  window  were  tested  in  the  long-pulse  regimes  at  pulse 
duration  from  2  s  to  10  s.  Typically  gyrotrons  generate  from 
850  kW  to  900  kW  output  power  at  pulse  duration  of  2  s.  In 
the  10  s  pulse  340  kW  output  power  was  achieved.  For  the 
output  power  of  500  kW  the  pulse  length  of  5  s  was 
admissible. 

The  gyrotrons  were  produced  in  the  frame  of  the  contract 
between  Gycom  Ltd.,  Russia  and  CCFM,  Canada. 
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Fig.  1  Gyrotron  output  power  as  a  function  of  a  beam 
voltage  reducing. 
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Fig.  2  Gyrotron  output  power  versus  pulse  duration 
at  the  various  maximal  window  temperature. 
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Abstract 

In  the  frame  of  a  collaboration  between  CEA  -  Cadarache, 
CRPP  -  Lausanne,  FZK  -  Karlsmhe  and  TIE  -  Velizy,  a  0.5 
MW-I18  GHz-210  s  gyrotron  is  under  developement  for 
ECRH  experiments  on  Tore  Supra  (Association  Euratom- 
CEA)  and  TCV  (Association  Euratom  -Confederation  Suisse) 
Tokamaks.  The  cavity  mode,  TEjj^*,  is  converted  into  a 
Gaussian  beam  extracted  out  of  tlie  tube  tlirough  a 
cryogenically  cooled  sapphire  window  and  tlien  coupled 
through  a  matching  optics  imit  into  a  63.5  mm  diameter 
evacuated  cormgated  waveguide.  The  prototype,  presently 
under  modification,  has  delivered  hundreds  of  0.5  MW  -  5s 
pulses  into  a  matched  load  with  the  desired  design 
parameters. 

Design  and  experimental  set-up 

A  detailed  description  of  tlie  gyrotron  design  is  presented  in 
references  ''*•  It  is  composed  of  a  triode-type  electron  gun, 
an  improved  beam  tunnel,  a  high-mode-purity  low-ohmic-loss 
cavity  with  an  optimized  non  linear  output  taper,  a  highly 
efficient  internal  quasi-optical  mode  converter  made  of  a 
rippled-wall  waveguide  launcher  followed  by  tliree  mirrors 
a  large  collector  making  use  of  a  beam  sweeping  magnet,  and 
a  horizontal  RF  output  through  a  liquid  nitrogen  edge-cooled 
single-disk  sapphire  window*'’.  The  vacuum  is  controlled 
through  four  ion  pumps  located  inside  tlie  tube  and  using  the 
fringing  field  generated  by  the  superconducting  magnet. 

A  matching  optics  unit  (MOU)  system  is  connected  to  the 
gyrotron  output  window.  It  consists  of  a  vacuum  vessel 
including  two  flat  and  moveable  mirrors  allowing  for 
corrections  of  minor  errors  in  tlie  extracted  RF  beam  direction 
of  propagation  and  a  focusing  mirror  which  launches  the 
beam  with  an  optimized  profile  into  a  63.5  mm  diameter 


evacuated  corrugated  waveguide.  The  RF  power -is  then 
dissipated  and  measured  in  a  metallic  water  load.  The 
schematic  of  tlie  gyrotron  and  its  MOU  is  shown  in  Fig.  1. 


Figure  1:  Gyrotron  and  MOU  schematic  view 

Long  pulse  experimental  results 

All  power  measurements  were  made  in  tlie  water  load. 

Tlie  MOU  mirrors  were  aligned  using  burn  patterns  placed  at 
different  locations.  The  mode  purity  was  then  evaluated,  in 
short  pulse,  by  means  of  infrared  measurements  performed  in 
different  planes  and  for  different  lengths  of  corrugated 
waveguide.  The  HE„  mode  content  is  higher  than  96%. 

The  pulse  duration  was  e.xtended  to  5  s  for  tlie  nominal  power 
of  0.5  MW  measured  in  tlie  load  without  any  need  for 
conditioning  (one  single  day  to  go  from  2  to  5  s  with  ion 
pumps  currents  lower  tlian  20  pA). 
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The  operating  parameters  were:  catliode  voltage,  =  81.5 
kV;  beam  current,  =  21.3  A;  anode  voltage,  V,  =  25.8  kV, 
cavity  magnetic  field,  B,  =  4.59  T.  This  leads  to  a  global 
efficiency  of  29  %,  and  of  28  %  in  the  HE,,  mode.  Taking 
into  account  the  RF  losses  measured  and  estimated  in  the 
components  located  between  tlie  gyrotron  window  and  the 
load  (MOU  walls  and  mirrors,  transmission  line)  on  one  side 
and  inside  the  tube  (beam  tunnel,  cavity,  quasi-optical  mode 
converter,  mirror  box,  window)  on  the  otlier  side,  tlie  power 
levels  are: 

-  Power  extracted  through  tlie  window:  0.535  MW; 

-  Power  generated  in  the  cavity:  more  tlian  0.6  MW,  value 
leading  to  an  interaction  efficiency  close  to  35  %. 

The  variations  of  RF  power  and  efficiency  witli  respect  to 
the  cathode  voltage,  are  shown  on  Fig.  2.  The  gyrotron 
operates  in  stable  regime  between  0.2  and  0.5  MW  by 
modulating  V^. 


73  74  75  76  77  78  79  80  81  82 
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Figure  2:  Dependence  of  RF  power  and  efficiency  on  Vi 

On  the  other  side.  Fig.  3  shows  tliat  the  RF  power  modulation 
is  much  more  limited  by  acting  on  the  anode  voltage  V, . 


Figure  3:  Dependence  of  RF  power  on  V, 

The  temperature  variations  and  RF  losses  were  monitored  on 
the  most  thermally  loaded  components:  beam  tunnel,  cavity, 
rippled-wall  waveguide  launcher,  mirrors  and  collector.  It 
appeared  that  all  of  them  reached  equilibrium  state  at 
reasonnable  values  within  4  s.  The  same  observation  also 
applied  for  vacuum:  the  ion  pumps  currents  never  exceeded 
20  pA  during  the  pulses,  and  went  back  to  tlieir  static  values 
within  a  few  seconds. 


Pulses  were  not  enlarged  above  5  s  because  of  limitations  on 
some  major  tube  accessories  such  as  HV  modulator  and  water 
load. 

Despite  extra  losses  due  to  absorption  of  tlie  tail  of  the 
Gaussian  beam  in  stainless  steel  walls,  the  cryogenic  window 
and  thermosiphon  system  have  proven  to  perfectly  work  up  to 
0.5  MW  -  5s. 

Figure  4  shows  a  histogram  of  pulses  above  1  s  succesfiilly 
passed  with  this  gyrotron.  Among  the  two  hundreds  5  s 
pulses,  more  than  90  were  obtained  within  the  same  afternoon 
with  a  duty  cycle  of  2.5  %:  the  sucess  rate  was  of  92%. 


1  2  3  4  5  6 

Pulse  duration  greater  or  equal  to  ...  seconds 


Figure  4:  Number  of  pulses  versus  pulse  duration 

This  cycling  test  revealed  a  brazing  weakness  in  the  cooling 
circuit  common  to  the  cavity  and  the  rippled-wall  launcher 
which  has  been  analyzed  and  corrected. 

Conclusion 

The  1 18  GHz  gyrotron  has  proven  its  capability  to  repetitively 
generate  more  Uian  0.5  MW  on  pulses  up  to  5s,  with  respect 
to  the  specified  parameters!  A  new  prototype  is  at  present 
under  tests  with  the  aim  to  reach  pulses  up  to  2 10s. 

The  118  GHz  gyrotron  development  is  performed  within  the 
frame  of  a  Joint  development  between  the  Associations 
Euratom-CEA,  Euratom-Confederation  Suisse  and  Thomson 
Tubes  Electroniques.  The  work  performed  at  tlie  CRPPis 
partially  supported  by  tJie  Fonds  National  Suisse  pour  la 
Recherche  Scientifique. 
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Abstract 

The  present  status  of  170GHz  gyrotron 
development  for  ITER  is  reported.  In  the  short  pulse 
operation,  the  maximum  power  of  750kW  was  obtained 
at  85kV/40A.  The  efficiency  is  22%.  In  the  depressed 
collector  operation,  500kW/36%/50ms  was  obtained. 
The  maximum  efficiency  of  40%  was  obtained  at 
PRP=470kW  whereas  the  power  decrease  by  the  electron 
trapping  was  observed.  Pulse  extension  was  done  up  to 
10s  at  PRF=175kW.  The  power  was  limited  by  the 
window  temperature.  For  further  pulse  extension  and 
power  increase,  the  new  materials  are  inevitable  for  the 
output  window. 

1.  Introduction 

For  an  electron  cyclotron  heating  and  current 
drive  of  ITER(Intemational  Thermonuclear  Experimental 
Reactor),  a  170GHz,  IMW,  CW  gyrotron  with  high 
efficiency  is  required!  1].  The  development  of  ITER 
relevant  gyrotron  is  undergoing  as  the  R&D  Task  under 
EDA  (Engineering  Design  Activities).  In  JAERI  (Japan 
Atomic  Energy  Research  Institute),  the  development  of 
the  170GHz  gyrotron  is  carried  on  in  cooperation  with 
Toshiba  Co.  In  1995,  short  pulse  170GHz  gyrotron  was 
tested  and  confirmed  a  stable  IMW  oscillation  with  high 
order  volume  modes(TE3i,8,  etc.)[2).  In  1996,  the 
gyrotron  with  depressed  collector  was  fabricated  and 
525kW/0.6s  and  230k W/2.2S  were  demonstrated[3].  For 
these  gyrotron,  the  oscillation  was  performed  with  a  low 
pitch  factor  operation!- 1 .0)  using  a  high-Q  cavity 
(Q-2100)  The  output  power  was  limited  mainly  by  the 
temperature  increase  of  the  output  window  (double  disk 
sapphire).  In  1997,  some  modifications  were  done  on  the 
gyrotron  based  on  the  result  obtained  in  1996.  In  this 
report,  the  present  status  of  the  modified  170GHz 
gyrotron  is  described. 

2.  Design  and  configuration 

The  conceptional  view  of  the  gyrotron  is  shown 
in  Fig.  1.  The  basic  design  of  the  gyrotron  is  the  same  as 
that  of  the  previous  gyrotron[3].  The  modified  sections 
are  the  window  and  the  cavity.  The  window  material  was 
replaced  from  sapphire  to  silicon  nitride  produced  by 
Kyocera(SN287).  The  silicon  nitride  has  a  comparable 
loss  tangent  with  sapphire,  smaller  dielectric  constant 
(e=7.9),  higher  thermal  conductivity  (59W/mK)  and  is 
stronger  against  a  thermal  shock[4].  The  silicon  nitride 
disks,  161mm  in  diameter  and  thickness  of  3.45mm,  are 
used  as  a  double  disk  window  and  are  cooled  by  FC-75. 


The  cavity  length  was  extended  firom  Leff/X=10.0  to 
LgffA=10.9  to  obtain  the  efficient  oscillation  at  the 
pitch  factor  of  a-0,9.  Q-value  of  the  cavity  is  -2450. 
The  expected  efficiency  is  >25%  and  the  efficiency 
enhancement  factor  by  the  depressed  collector  t]dc  is 
greater  than  2.  And  the  thermocouple  was  installed  to 
measure  the  temperature  at  the  input  end  of  the  in¬ 
waveguide  mode  converter,  where  the  unexpected  large 
heat  deposition  was  observed[3]. 


Fig.l  Conceptional  view  of  170GHz  ITER  gyrotron 

3.  Experimental  Results 

Fig.2  is  the  beam  current  Ic  dependence  of  the 
output  power  and  the  efficiency  at  the  short  pulse 
operation,  where  the  beam  current  of  more  than  40A  is 
available.  The  output  power  of  750kW  was  obtained  at 
Ic=40A.  the  beam  voltage  of  85k V.  The  efficiency  is 
22%.  Fig.3  is  a  result  of  the  depressed  collector 
operation.  The  power  without  depressed  collector  is 
500kW  at  the  beam  voltage  of  85kV  and  the  beam 
current  of  28A,  where  the  efficiency  is  36%(TiCD=i  -7)- 
The  maximum  efficiency  of  40%  was  obtained  at  the 
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depressed  voltage  of  43kV(TiCD=2),  whereas  the  power 
decreased  to  470kW  due  to  the  influence  of  the  trapped 
electron.  The  pulse  extension  was  carried  out  without 
collector  voltage  depression  at  first.  In  Fig.4,  the 
increase  of  window  peak  temperature  is  shown  for 
PRF=210kW.  175kW.  At  PRF=175kW,  the  window 
temperature  stabilized  at  AT=120deg.C  and  10s 
operation  was  attained.  Here,  the  10  s  is  limited  by  the 
capacity  of  the  power  supply  system.  However,  for 
PRF=210kW,  so  called  thermal  runaway  was  observed, 
and  the  operation  was  stopped  at  4s  for  safety.  Next,  the 
collector  voltage  depression  was  applied  for  long  pulse 
operation.  At  PRp-nOkW,  very  stable  10s  operation 
was  also  attained,  and  that  the  outgassing  was  extremely 
smalI(--2p,A  of  ion  pump  current).  The  efficiency  was 
-30%.  At  PRF=500kW,  the  maximum  pulse  duration 
was  0.7s,  which  is  limited  by  the  increase  of  the 
window  temperature  (efficiency  was  -34%  with  the 
depressed  collector).  For  further  pulse  extension/power 
enhancement,  materials  of  lower  loss  tangent  are 
required.  During  the  experiment,  no  large  temperature 
increase  was  detected  by  the  thermocouple  at  the  mode 
converter,  and  the  power  distribution  on  fte  window  was 
constant.  In  table  1,  the  major  results  are  summarized. 


Fig.2  Output  power,  efficiency  vs.  beam  current.  Pulse 
duration  is  0.4ms,  and  the  beam  voltage  is  -85kV. 
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Fig. 3  Output  power,  efficiency,  teak  current  vs. 
retarding  voltage  of  depressed  collector  operation.  Pulse 
duration  is  50ms,  beam  voltage  of  85kV,  beam  current 
of  28  A. 
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Fig.4  Temperature  increase  of  output  window  vs.  pulse 
duration  for  PRp=210kW,  175kW. 


Table  1  Major  performance  of  170GHz  gyrotron 


Power 

pulse  dur. 

eff. 

Limit  of  pulse  dur. 

750kW 

0.4ms 

22% 

P/S 

500kW 

50ms 

36%(D/C) 

470kW 

50ms 

40%(D/C) 

520kW 

0.7s 

34%(D/C) 

Window 

340kW 

2s 

20% 

Window 

210kW 

4s 

18% 

Window 

170kW 

10s 

30%(D/C) 

P/S 

(P/S:Power  supply,  D/C:Depressed  Collector) 


4.  Discussion  and  plan 

The  pulse  duration  and  the  high  power 
operation  is  limited  mainly  by  the  temperature  increase 
of  the  output  window.  For  further  pulse  extension,  the 
application  of  the  diamond  window,  which  has  low  loss 
tangent  and  extremely  high  thermal  conductivity[5],  will 
be  tried.  The  oscillation  efficiency  increased  from  19% 
to  22%  by  changing  the  cavity.  However,  the  efficiency 
and  the  efficiency  enhancement  faaor  are  still  lower  than 
expected.  To  increase  the  oscillation  efficiency,  the  MIG 
and  the  electron  beam  system  will  be  improved.  The 
IMW,  long  pulse  oscillation  will  be  tried  from  1998 
using  a  IMW/CW  relevant  power  supply  system. 
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Abstract 

The  report  reviews  some  problems  of  high  power  gyrotron 
and  their  possible  solutions,  results  of  calculation  and  ex¬ 
perimental  stu^  of  gyrotrons  for  fusion  operating  at  the  1 
MW  power  level  in  a  wide  frequency  range.  The  design  ver¬ 
sions  of  the  170  GHz/1  MW  gyrotron  for  ITER  are  dis¬ 
cussed.  ITER  related  110  GHz  and  140  GHz  gyrotrons  also 
are  investigated. 

Introduction 

Electron-cyclotron  heating  and  current  control  in  planned 
ITER  plasma  set-ups  require  gyrotrons  with  the  level  of  CW 
power  up  to  1  MW  and  frequencies  170  GHz.  In  the  frame¬ 
work  of  the  international  flER  project,  the  program  for  de¬ 
sign  of  a  170  GHz  gyrotron  with  output  power  1  MW  for  op¬ 
eration  in  the  continuous  regime  was  implemented.  From  the 
preliminaiy  analyses  possible  operating  modes  have  been 
chosen  (Table  1)  and  the  general  design  concept  of  the  gyro¬ 
tron  has  been  developed  [1].  Finally  basing  on  the  analysis  of 
technical  limitations  TE2g.7  operating  modes  have  been  chosen 
for  experimental-industrial  tube  and  TE25.10  for  the  test  tube 
which  give  us  the  possibility  to  check  different  scientif  c  and 
technical  solution  during  the  time  of  elaboration  of  the  in¬ 
dustrial  tube  with  criomagnet  and  auxiliary  equipment.  The 
TE25.10  test  tube  can  use  the  existing  criomagnet  with  room 
temperature  boor  diameter  140  mm.  The  TE28.7  experimental- 
industrial  tube  need  the  new  criomagnet  with  room  tempera¬ 
ture  boor  diameter  180  mm 

Gyrotron  Design 

The  170  GHz  gyrotron  has  the  same  principal  design  concept 
as  the  earlier  developed  140  GHz./0.5  MW/3  s  and  1 10  GHz/ 
1  MW/2  s  gyrotron.  Magnetic  system  of  the  tube  includes  a 
main  superconducting  solenoid,  a  cathode  coil  for  f  ne  ad¬ 
justment  of  electron  beam  parameters. 

All  the  gyrotrons  uses  the  magnetron  injection  guns  (diode 
and  triode  versions),  which  forms  a  quasi-laminar  helical 
beam  [2].  In  result  of  numerical  simulation  for  operating 
modes,  the  shapes  of  gun  electrodes  were  optimized  and  de¬ 
pendencies  velocity  spread  Svj^  G)  and  ratio  oscillatory  energy 
to  the  total  one-  tj^  (1)  on  the  beam  current  are  received. 
Simulations  were  performed  taking  into  account  initial  ve¬ 
locities  (EPOS-V  [3]).  For  experiments  a  method  of  a  retard¬ 
ing  field  [4-5]  was  used.  The  measurements  were  carried  out 
for  guns  with  R^  =45.2  mm  and  R*  =4 1.5mm  in  a  scale  down 


regime  on  automated  installation  [6],  as  at  presence  of  influ¬ 
ence  electrons,  catched  in  adiabatic  trap  between  the  cathode 
and  magnetic  mirror,  and  at  exception  such  electrons.  The 
received  dependencies  5vj^  and  tj^  are  compared  with  results 
of  numerical  simulation  and  good  correlation  are  observed. 
The  reliable  technology  and  equipment  for  fabrication  and 
test  of  the  gyrotron’s  gun  emitters  and  electron-optical  system 
has  been  developed. 


Table  1:  Main  parameters  of  170  GHz/1  MW/CW  gyrotrons 


Operating  mode 

TE28,7 

TE31  8 

TE25.10 

Accelerating 
voltage,  kV 

80 

80 

80 

Maximum  beam 
current,  A 

45 

45 

45 

Voltage  depression 
at  resonator  center 
(at  40  A),  kV 

5.12 

5.29 

6.95 

Resonator  radius, 
nun 

15.86 

17.9 

17.77 

Mean  beam  radius 
in  resonator,  mm 

8.26 

9.13 

7.4 

Resonator  Q-factor 

1000 

1100 

1100 

Specific  density  of 
losses  in  resonator 
at  IMW  output, 
kW/cm^ 

2.5 

2.1 

1.9 

Radius  of  the 

45.2, 

50, 

41.5 

cathode  Rc,  mm 

(47.5) 

(51) 

Electrical  field  on 

6.3, 

6.3, 

5.8 

the  cathode  Ec, 
kV/mm 

(5.6) 

(5.8) 

Pitch-factor 

1.25 

1.25 

1.25 

Calculated  maxi¬ 
mum  (electron) 
efiRciency 

0.4 

0.4 

0.4 

Structure  of  output 
radiation 

narrowly-directed  wave 
beam 

Stable  single-mode  generation  in  an  oversized  resonator  at 
sufficiently  high  efficiency  and  the  megawatt  level  of  output 
power  becomes  an  extremely  complicated  problem  as  the  op¬ 
erating  frequency  grows  [1,4].  An  essential  circxunstance  here 
is,  that  this  problem  has  to  be  solved  within  a  number  of 
limitations.  The  most  difficult  is  the  limitation  on  density  of 
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ohmic  losses  in  resonator  walls  -  energy  removal  is  limited  by 
possibilities  of  the  cooling  system,  which  are,  as  a  rule,  not 
higher  than  2-3  kW/cm^.  Effects  of  beam  potential  depression 
and  mode  interaction  as  well  as  methods  of  mode  selection 
are  investigated  also. 

The  converter  separates  RF  radiation  from  the  woriced-out 
electron  beam,  transforms  a  complicated  cavity  mode  to  a 
paraxial  wave  beam  with  an  optimised  structure  and  allows 
one  to  minimise  harmful  action  of  possible  reflections  of  RF 
power  back  to  the  gyrotron.  The  converter  includes  a  specially 
shaped  waveguide  end  and  several  mirrors  which  are  profiled 
to  provide: 

•  low  diffiraction  losses  inside  the  tube  (below  5%  of  the  total 
power  is  possible,  in  some  cases); 

•  the  optimal  RF  power  distribution  over  an  output  window; 

•  matching  of  the  output  wave  beam  to  a  transmission  line 
(90...95%  efficiency  is  possible). 

The  technology  for  fabrication  of  the  gyrotron’s  electrody¬ 
namic  system  elements  with  complex  curvilinear  surfaces  on 
lathes  with  munerical  control  has  been  developed. 

The  problem  of  the  output  window  is  the  main  difficulty  that 
hinders  creation  of  1  MW  CW  gyrotrons.  The  main  variant  of 
the  output  window  for  1  MW  CW  gyrotrons  at  frequencies  up 
to  170  GHz  is  considered  now  a  high-purity  and  doped  silicon 
window.  Some  other  materials,  e.g.,  sapphire  cryogenic  win¬ 
dow,  diamond  are  under  investigation  as  well. 

The  three  following  versions  of  collectors  for  powerful  CW 
gyrotrons  seem  to  be  the  most  promising  now: 

•  collector  with  non-adiabatic  pumping  of  gyration  move¬ 
ment  of  electrons; 

•  collector  with  dynamic  scarming  along  it  by  means  of  ad¬ 
ditional  coils  generating  magnetic  field  of  the  saw-teeth  form; 

•  CPD  -  collector. 

The  collector  for  experimental-industrial  tube  has  been  de¬ 
signed  for  the  CW  regime  of  operation  to  withstand  up  to 
3  MW  electron  beam  power  when  the  RF  oscillation  breaks.  It 
is  now  the  traditional  type  with  sweeping  of  the  electron  beam 
along  the  axis.  For  sweeping,  a  special  collector  coil  is  used, 
which  is  fed  with  saw-shaped  current  producing  an  alterna¬ 
tive  magnetic  field  in  the  collector  region.  Both  the  colleaor 
profile  and  distribution  of  the  magnetic  field  in  the  collector 
are  optimized  to  provide  a  temperature  increase  below  an 
admissible  one  and  as  homogeneous  thermal  load  as  possible. 

Short-pulse  Gyrotron  Prototypes 

Experimental  investigation  of  short  pulse  prototype  of  the 
170  GHz  gyrotron  were  made  on  the  automated  set-up  and 
dependencies  of  gyrotron  parameters  on  the  beam  current, 
accelerating  voltage  and  magnetic  field  is  analyzed.  The  out¬ 
put  power  level  1  MW  was  achieved  at  the  TEa^  and  TE25  lo 
operating  modes  in  design  regime  with  efficiency  32%  and 
34%,  correspondingly.  The  maximum  output  power  near  1.3 
MW  with  efficiency  32%  was  achieved  at  the  TEas.io  operat¬ 
ing  mode.  The  same  TE25 10  gyrotron  has  been  operated  also 
with  a  single-stage  depressed  collector.  Measurements  of  the 
RF-output  power  in  dependence  on  the  retarding  collector 


voltage  were  provided.  Output  power  of  lMW/50  mks  was 
obtained  at  the  beam  parameters  of  80  kV/40  A.  The  im¬ 
proved  efficiency  with  single-stage  depressed  collector  was 
near  60%.  Calculation  and  experimental  data  are  in  a  good 
correlation. 

ITER  Related  110  and  140  GHz  Gyrotrons 

110  GHz  high  power  experimental  gyrotron  using  the  TE19.5 
mode  has  been  operated  with  a  single-stage  depressed  collec¬ 
tor.  Measurements  on  a  CPD  with  respect  to  the  body  current 
and  the  RF-output  power  in  dependence  of  the  retarding  col¬ 
lector  voltage  was  provided.  Output  power  of  lMW/50  mks  is 
obtained  at  the  beam  parameters  of  80  kV/30  A.  The  effi¬ 
ciency  is  40%  and  the  improved  efficiency  with  single-stage 
depressed  collector  is  65%. 

140  GHz  industrial  gyrotrons  with  output  power  about  1  MW 
in  1.5  s  pulses  and  output  power  650  kW  in  2.5  s,  270  kW 
in.5  s,  150  kW  in  9.3  s  pulses  were  developed  for  electron 
cyclotron  resonance  heating  (ECRH)  of  plasmas  generated  in 
the  Tokamak  ASDEX-  Upgrade  at  IPP-Garching.  The  gyro¬ 
tron  efficiency  is  over  40  %  at  operating  regimes.  The  gyro¬ 
trons  are  designed  to  operate  in  stray  magnetic  field  with  their 
total  horizontal  component  up  to  O-IO"^  T. 

Industrial  140  GHz  frequency  range  CPD  gyrotron  using  the 
TE22,6  mode  has  been  operated  with  a  single-stage  depressed 
collector  with  output  power  about  810  kW  in  1  s  is  obtained  at 
the  beam  parameters  of  72  kV/31.5  A.  The  gyrotron  effi¬ 
ciency  without  CPD  is  32%  and  the  improved  efficiency  with 
single-stage  depressed  collector  is  over  50%  at  operating  re¬ 
gimes. 

Conclusion 

The  possibility  to  make  170  GHz/1  MW  gyrotron  for  ITER  is 
proved  by  calculations  and  e.xperiments.  Calculation  results 
and  experimental  data  for  the  ITER  related  gyrotrons  and 
prototjpe  170  GHz/l  MW  gyrotron  for  ITER  are  in  a  good 
correlation.  Successfully  tested  short  pulse  prototype  is  a  reli¬ 
able  basement  for  elaboration  of  an  industrial  tube  operating 
in  the  full-scale  regime. 
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Abstract 

Frequency  modulation  of  submillimeter  wave  gyrotron,  Gyrotron  FU  IV  is  presented.  A 
modulation  of  beam  electrons  results  in  the  modulation  of  electron  cyclotron  frequency,  which, 
in  turn,  modulates  the  frequency  of  gyrotron  output.  The  modulation  width  A/ of  several  ten 
MHz  has  been  achived  by  using  the  gyrotron. 

l.Introduction 

The  development  of  gyrotrons  are  proceeding  in  two  directions,  that  is,  developments  of  high 
power,  millimeter  wave  gyrotrons  and  medium  power,  submillimeter  wave  gyrotrons.  As  well 
known,  the  development  of  the  latter  is  goingin  Fukui  University.  Gyrotron  FU  Series'^  has 
achieved  frequency  tunability  in  wide  range  in  a  millimeter  to  submillimeter  wavelength  region 
(38  to  850  GHz),  amplitude  modulation  of  the  output^^  and  rapid  frequency  step-switching.^^ 
Gyrotrons  included  in  the  series  have  been  applied  to  plasma  scattering  measurement'*^  and  ESR 
experiments^  as  radiation  sources.  In  future,  we  are  intending  to  develop  further  their  applications 
to  wider  fields. 

Modulations  of  amplitude  and  frequency  of  the  output,  as  well  as  their  high  stabilities  which  will 
be  achieved  by  cw  operation,  are  useful  and  necessary  for  the  applications  of  such  high  frequen¬ 
cy  gyrotrons  as  radiation  sources.  We  have  succeeded  in  the  first  experiment  of  the  frequency 
modulation  by  modulating  the  electron  beam  energy.  In  this  paper,  the  results  and  some  cosid- 
erations  are  described. 

2. Experimentai  arrangements  and  procedures 
Gyrotron  FU  IV was  used  for  the  ex¬ 
periment.  The  typical  operation  parameters 
are  as  follows,  the  beam  energy  eV=30  to 
40  keV,  the  beam  current  f=0. 1  to  1  A,  the 
magnetic  field  intensity  5o=8  to  12  T,  the 
output  frequency  _/=  100  to  640  GHz  and 
the  output  power  !  fo  1  kW.  In  the 
frequency  modulation  experiment,  the 
beam  energy  is  modulated  by  the  potential 
modulation  of  the  body,  which  includes 
the  cavity  and  divided  electrically  from  the 
beam  colleaor  by  the  insulator  (ceramic). 

The  output  power  is  transmitted  by  circu¬ 
lar  waveguids  and  emitted  to  the  horn  antenna.  The  frequency  is  measured  by  heterodyne  detec¬ 
tion  system  consisting  of  a  sweep  oscillator,  a  frequency  counter,  a  harmonic  mixer  and  a  modu¬ 
lation  domain  analyzer.  Fig.l  shows  the  block  diagram.  Time  and  frequency  resolutions  of  the 
detection  system  are  10  //  sec  and  lOkHz  respectively. 

3. ExperimentaI  results  and  considerations 

Fig.2  shows  a  typical  result  of  frequency  modulation  experiment.  The  unner  trace  shows  the  no- 
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Fig.l  Block  diagram  of  a  frequency  measure¬ 
ment  system 
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tentail  modulation  of  the  body  and  the  lower  trace  the  variation  of  the  output  frequency.  A  peak- 
to-peak  value  of  the  potentail  modulation  is  250  V,  a  modulation  frequency  is  60  Hz  and  the 
width  A/ of  frequency  modulation  is  18.8  MHz.  The  gyrotron  opiates  in  cw  mode.  At  the 

phase  of  higher  beam  energy,  the  measured  frequency  of  the  output  is  lower,  which  corresponds 
to  the  vanation  of  electron  cyclotron  frequency,  qualitatively. 


69  C  Ilk  only 
MOitifis  for  trlMcr 


Fig.2  Result  of  frequency  modulation 
measurement.  Upper  trace;  po¬ 
tential  modulation  applied  to  the 
body  of  the  gyrotron.  Lower 
trace;  variation  of  output  fre¬ 
quency.  Modulation  frequency 
is  60  Hz. 


Fig.  3  shows  the  result  for  high  frequency  moduration 
arotmd  1.46  kHz.  In  this  case,  the  gyrotron  operates 
pulsively.  The  base  line  of  measured  frequency  in¬ 
creases  in  time,  because  of  the  sag  in  high  voltage 
pulse  applied  to  the  gun  cathode.  The  width  A/  of 
frequency  modulation  is  4.4  MHz. 

The  caluculated  modulation  width  A/,  of  electron 
cyclotron  frequency  is  much  larger  than  A/  The 
result  may  come  from  the  restriction  of  high  0-cavity 
to  the  flexibility  of  operation  frequency  in  it.  The  de¬ 
tailed  consideration  is  under  way. 

Preq  C  tlk  onl*^ 

stopped 


Fig.  3  V^ition  of  output  frequency.  Modu¬ 
lation  frequency  is  1 .46  kHz. 
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Abstract 

Some  latest  results  of  e}q)erimental  testing  of  the  140  GHz/ 
1.5  MW  coaxial  gyrotron  (Russian  version  of  the  joint  Rus¬ 
sian-German  coaxial  gyrotron)  with  a  lower  level  of  ohmic 
losses  in  the  cavity  are  presented.  The  experience  of  investi¬ 
gations  of  coaxial  gyrotrons  carried  out  at  the  lAP  is  briefly 
summarized. 

Introduction 

(Conventional  gyrotron’s  output  power  is  limited  due  to  ohmic 
losses,  mode  competition  and  limiting  beam  currenL  All  these 
problems  can  be  essentially  reduced  by  the  use  of  coaxial 
cavities.  Due  to  effective  mode  selection  and  insignificant 
beam  voltage  depression  such  cavities  provide  the  stable  very 
high  volume  modes  excitation  and  the  effective  operation 
with  extremely  low  ohmic  losses.  As  a  result  of  numerous 
theoretical  estimates  and  experiments  performed  at  the  lAP 
before  the  end  of  eighties  it  was  found  that  the  most  advan¬ 
tage  can  be  achieved  in  coaxial  cavities  with  a  fiilly  metallic 
and  corrugated  iimer  rod.  Moreover,  selective  properties  of 
the  tystem  can  be  improved  still  more  by  means  of  the  addi¬ 
tional  corrugation  of  the  cavity  outer  wall.  Further  more  detail 
researches  of  the  gyrotrons  with  such  cavities  was  continued 
in  the  collaboration  with  the  FZK  gyrotron  group  (Karlsruhe, 
Germany).  Now  the  jointly  developed  140  GHz/  1.5  MW 
coaxial  gyrotron  is  under  investigations.  In  this  report  some 
experimental  results  concerning  the  Russian  version  of  this 
gyrotron  are  presented. 

140  GHz/ 1.5  MW  coaxial  gyrotron 

A.  Design  parameters 

The  design  of  Russian  version  of  the  140  GHz/1.5  MW  coax¬ 
ial  gyrotron  is  practically  the  same  as  for  FZK  one  (IJ.  Some 
differences  are  conditioned  mainly  by  superconducting  mag¬ 
nets  properties.  In  this  gyrotron  the  inverse  electron  gun  with 
a  tystem  of  the  irmer  rod  alignment  and  the  coaxial  cavity 
with  a  tapered  and  corrugated  irmer  rod  were  used.  The  main 
design  parameters  of  the  tube  are  sununarized  in  Table  1 . 


Table  1 :  Design  parameters  of  the  coaxial  gyrotron 


operating  mode 

TE28.I6 

operating  frequency,  f  (GHz) 

140 

accelerating  voltage.  Ub  (kV) 

90 

maximum  operating  beam  current,  h  f  A) 

50 

beam  radius  in  the  cavity.  Rh  (mm) 

10 

rf  output  power,  P,»«  (MW) 

1.5 

efficiency,  q  (%) 

>30 

j>eak  wall  loading  (for  real  copper),  pn  (kW/cm^) 

^1.3 

The  peak  ohmic  losses  at  the  inner  conductor  are  calculated  to 
be  less  than  15%  of  the  peak  cavity  wall  losses. 

At  the  first  stage  it  was  planned  to  study  the  operation  of  the 
electron  gun  and  coaxial  cavities  in  the  gyrotron  with  an  axial 
rf  output  Then  the  output  section  has  to  be  rqrlaced  by  the 
two-step  quasi-optical  (q.o.)  converter  with  a  dual-beam  rf 
output  (similar  to  [1]). 

B.  Experiments  with  an  axial  rf  output  gyrotron. 

The  measurements  were  performed  with  50  psec  HV  pulses. 
At  first  the  cavity  with  a  smooth  cylindrical  outer  wall  and 
the  conical  impe^ce  inner  rod  was  tested  (the  impedance 
surface  was  formed  by  60  narrow  longitudinal  slots  as  it  is 
shown  in  Fig.  1). 


Fig.  1  The  cavity  profile  and  a  cross-section  of  the  irmer  rod 
0  «  0.5  mm;  d  «  0.52  mm;  s  «  0.83  mm). 

In  the  first  series  of  experiments  a  maximum  output  power  of 
operating  mode  TE2gj5  about  1.35MW  with  an  efhciency  of 
about  29%  has  been  achieved  at  the  beam  voltage  Ub  =95kV. 
At  the  design  voltage  Ub  =  90kV  measured  values  were  some 
lower:  Pout  «  1.25MW,  q  «  28%.  (Practically  the  same  re¬ 
sults  were  obtained  on  the  similar  FZK  tube).  Then,  during 
the  check-up  of  geometry  of  the  electron  gun,  enough  strong 
misalignment  of  components  of  the  gun  has  been  found. 
Some  correction  of  the  gun  allowed  to  increase  an  output 
power  and  efficiency  of  the  gyrotron  and  approach  them  to 
the  theoretically  expected  values.  Measured  dependencies  of 
operating  mode  output  parameters  on  the  beam  current  are 
shown  in  Fig.  2.  The  stable  oscillations  of  the  operating  mode 
have  been  observed  over  the  wide  range  of  the  magnetic  field 
that  testified  about  the  high  efficient  mode  selection  over 
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radial  indices.  In  order  to  extend  still  more  the  range  of  a 
single-mode  operation  and  to  enhance  the  efficiency  of  the 
gyrotron,  at  the  second  step  the  cavity  with  a  smooth  outer 
wall  was  replaced  for  corrugated  one  (see  Fig.  3). 


Fig.  2  RF  output  power  and  output  efficiency  versus  electron 
beam  current  (operating  mode  TE28,i6;  Ub  =  90  kV). 


Fig.  3  The  cavity  with  corrugated  outer  wall. 

The  suppression  of  parasitic  modes  with  neighbouring  (as 
compared  with  operating  mode)  azimuthal  indices  in  such 
systems  can  be  achieved  due  to  effective  transformation  of 
these  modes  to  strongly  disturbed  low-Q  ones.  The  experi¬ 
mental  tube  cavity  output  was  equipped  also  with  a  corrugated 
waveguide  mode  converter  (TE2g,i6  -  TE76.2)  which  was 
plarmed  to  be  used  further  as  the  part  of  the  two-step  q.o. 
mode  converter.  Measured  output  power  in  the  wide  region  of 
the  magnetic  field  for  this  case  is  presented  by  Fig.  4. 


Ic(A) 

Fig.  4  RF  output  power  versus  superconducting  magnet  cur¬ 
rent  (Ub  =  95  kV;  Ib  S  35  A;  corrugated  cavity  outer  wall; 
corrugated  waveguide  mode  converter). 


This  graph  indicates  a  very  effective  mode  selection  realized 
in  the  corrugated  cavity.  Unfortunately  the  output  power  and 
the  gyrotron  efficiency  (Fig.  5)  were  found  to  be  some  lower 
than  in  preceding  ejqjeriments.  Up  to  now  the  reason  are  not 
yet  quite  clear. 


Fig.  5  RF  output  power  and  output  efficiency  versus  electron 
beam  current  (operating  mode  TEasje;  Ub  =  95  kV;  corru¬ 
gated  cavity  outer  wall;  corrugated  waveguide  mode  con¬ 
verter) 

Analysis  of  the  thermal  image  of  the  output  radiation  (by 
infrared  camera)  has  shown  that  rf  power  radiated  out  mainly 
in  the  form  of  several  modes  TE76,i-  TE76.6.  So  complicated 
structure  can  be  explained  by  the  transformation  in  the  output 
window  of  the  axial  gyrotron.  One  can  hope  that  this  problem 
will  be  solved  in  the  tube  with  a  q.o.  mode  converter.  Now  a 
such  version  of  the  gyrotron  (with  double  beam  output)  is 
under  investigation. 

Conclusions 

Theoretical  and  experimental  investigations  of  coaxial  gyro- 
trons  at  the  lAP  testily  that  these  systems  can  be  used  for 
generation  of  a  power  rf  radiation  at  the  frequencies  above 
170  GHz.  Electrodynamic  parts  of  all  experimentally  tested 
coaxial  tubes  operated  quite  satisfactory.  A  high  efficiency  of 
the  mode  selection,  an  extremely  low  level  of  ohmic  losses  in 
coaxial  cavities  make  them  very  attractive  as  resonant  systems 
of  supermegawatt  short  wavelength  CW  gyrotrons.  But  up  to 
now  the  main  problem  which  can  prevent  from  a  wide  use  of 
coaxial  gyrotrons  is  related  with  development  of  an  adequate 
electroti  grm  and  irmer  rod  supporting  system  for  such  gyro¬ 
trons.  Present  inverse  electron  guns  seem  to  be  enough  con¬ 
venient  for  laboratory  investiptions.  But  their  relatively 
complicated  construction  makes  it  problematical  to  use  these 
guns  in  industrial  coaxial  gyrotrons.  Probably  this  problem 
can  be  solved  by  some  improvement  of  existing  inverse  elec¬ 
tron  guns  or  by  the  use  of  conventional  guns  with  supporting 
of  the  inner  conductor  from  collector  side. 
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Abstract 

A  140  GHz,  TE28,i6  -  coaxial  cavity  gyrotron  with  dual  rf- 
beam  output  and  single-stage  depressed  collector  (SDC)  has 
been  operated  for  the  first  time.  A  maximum  rf  output  power 
of  about  875  kW  with  an  output  efSciency  of  19  %  (27  % 
with  SDC)  t^s  been  achieve^  About  15  %  of  the  output 
power  has  bten  measured  to  c^mired  Mthin  the  gyrotron 
tube.  In  comparison  to  results  of  numerical  simulations  the 
generated  rf-power  is  only  about  62%  of  the  expected  value, 
nearly  independent  of  the  operating  parameters.  There  are 
some  indications  that  captured  stray  radiation  may  be  a  main 
reason  for  the  power  deficit. 

Introduction 

A  1.5  MW  coaxial  cavity  gyrotron  operated  at  140  GHz  in  the 
TE.2i,jt  mode  and  at  165  GHz  in  the  TE.31,17  mode  is  under 
development  at  FZK.  In  a  first  step  a  gyrotron  with  an  axial 
waveguide  output  has  been  designed,  built  and  tested  with 
very  promising  results  [1].  An  rf-output  power  close  to 
1.2  MW  with  an  efBciency  of  about  27  %  has  been  achieved, 
in  good  agreement  with  numerical  simulations.  At  present,  a 
tube  design  with  a  radial  rf-output  is  under  investigation.  The 
rf  power  is  split  into  two  parts  and  coupled  out  through  two  rf 
output  windows. 

Design  parameters  and  experimental  set-up 

A  schematic  layout  of  the  gyrotron  with  the  dual  rf-beam 
output  is  shown  in  Fig  1.  The  superconducting  (sc)  magnet, 
the  electron  gun,  the  beam  tunnel  and  the  cavity  are  as  in  the 
experiment  with  axial  rf  output[l].  The  components  are 
arranged  in  an  easily  demountable  way  with  no  special 
cooling  The  beam  tunnel  consists  of  copper  without  any  rf 
absorber  material.  For  the  resonator  a  cavity  with  a 
cylindrical  outer  wall  and  a  radially  tapered  and  corrugated 
inner  rod  is  used.  The  gyrotron  is  equipped  with  a  single- 
stage  depressed  collector.  The  two  rf-output  windows  with  a 
diameter  of  100  mm  are  made  of  6.0  mm  fused  silica  with 
optimum  transmission  for  the  TEMoo  wave  at  140  GHz.  For 
observation  of  the  stray  radiation  captured  in  the  gyrotron 
tube  an  additional  window  is  placed  at  90®  to  the  direction  of 
the  rf  output  beams.  The  quasi-optical  (q.o.)  converter  system 
is  based  on  a  two-step  mode  conversion  scheme, 

TE.21,16  ^  TE..76,2  =*  TEMoo  . 

The  double-cut  q.o.  converter  uses  an  improved  dimpled  wall 
double-beam  launcher  and  generates  two  diametrically 
opposed  narrowly-directed  output  wave  beams[2].  It  should 
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Fig.  1:  The  coaxial  gyrotron  with  dual  rf-beam  output. 


be  pointed  out,  however,  that  the  two  step  mode  conversion 
scheme  works  properly  only  for  the  design  mode  and  that 
therefore,  fi-equency  step  tuning  is  excluded.  The  conversion 
of  the  TE.2i,i«  cavity  mode  to  the  TE+74.2  whispering  gallery 
mode  (WGM)  is  achieved  by  introduction  of  longitudin^ 
corrugations  into  the  linear  part  of  the  output  taper  (1.5®) 
consisting  of  104  slots  with  corrugation  depth  of  only  about 
0.1mm. 


ExperimeDtal  performance  and  results 

The  measurements  have  been  performed  with  pulses  up  to  a 
few  msec.  However,  most  data  have  been  taken  with  pulses 
around  0.5  msec.  In  addition  to  the  rf-power  Pon  through  the 
two  output  windows,  the  power  Pb„^  radiated  through  the 
additional  window  was  measured  calorimetrically.  P^y  is 
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taken  as  a  measure  for  the  amount  of  stray  radiation  captured 
in  the  gyrotron  tube.  With  a  contiguous  filter  bank  a  signal  of 
the  generated  rf-power  has  been  observed  simultaneously  in 
different  fi-equency  channels  giving  information  whether 
there  was  sin^e  or  multi-mode  oscillation  in  the  cavity.  The 
distribution  of  the  rf-power  radiated  out  of  the  windows  was 
detected  with  an  infixed  camera.  The  generated  HV-pulse 
had  a  rise  time  of  ^ut  200  psec  followed  by  a  stable  plateau 
without  any  voltage  overshooting. 

The  gun  and  the  electron  beam  : 

Stable  operation  at  the  design  parameters  (Ue=90  kV, 
Ib  =50  A)  has  been  achieved  only  with  the  magnetic  field 
configuration  in  the  gun  region  delivering  an  a-value  of  about 
1.1  at  Ue  =  90kV.  With  the  magnetic  configuration 
corresponding  to  an  a-value  of  about  1.4  at  90  kV  the 
electron  beam  becomes  noisy  during  the  pulse  above  a  certain 
voltage  value.  This  beam  instability  occured  also  in  the 
magnetic  configuration  with  the  lower  a-value  at  voltages  far 
below  90  kV  wiien  either  the  neighbouring  modes  TE.27,16  and 
TE.29,i«  or  the  TEf28,i<-design  mode  rotating  in  the  wrong 
direaion  were  generated.  In  these  modes  the  amount  of 
cjqjtured  stray  radiation  is  relatively  higher  than  in  the  design 
mode  since  the  modes  are  not  adapted  to  the  rf-output  q'stem. 
As  an  example  the  operation  was  stable  at  Uc=90  kV  with  U = 
50A  and  a  =  1.1  when  operated  in  the  TE.2s.i6  mode.  By 
reversing  the  direction  of  the  magnetic  field  the  wrong 
rotating  TE+28,i6  mode  is  generated  causing  beam  instabilities 
above  Uc=  82kV  with  Ib=50A  and  a=0.95.  The  amount  of  the 
captured  stray  radiation  is  about  3  times  higher  in  this  case. 
This  observation  is  taken  as  an  indication  that  the  captured  rf 
radiation  may  stimulate  beam  instabilities. 

RF-operation  : 

The  measurements  have  been  performed  with  an  approxi¬ 
mately  constant  magnetic  compression  corresponding  to  a 
beam  radius  of  10.0  mm.  The  frequency  of  the  TE28,i6  mode 
was  measured  to  be  139.9  GHz.  The  distribution  of  the  rf- 
power  radiated  out  of  the  windows  has  been  foimd  to  be  in 
good  agreement  with  the  results  of  cold  measurements  and  of 
numerical  calculations.  This  seems  to  prove  the  proper 
working  of  the  launcher  with  the  double  cut  and  the  mirrors. 
A  single-stage  depressed  collector  was  used  successfully  up  to 
a  retarding  voltage  U„u  =  -27  kV.  limited  only  by  its  HV- 
voltage  performance. 

The  measured  value  of  in  the  TE.2s,i6  mode  was 
found  to  be  proportional  to  For  absolute  calibration  of  the 
amount  of  the  captured  stray  radiation  it  was  assumed  that  the 
power  generated  in  the  cavity  is  equal  for  both  rotations  when 
operated  at  the  same  parameters  with  reversed  magnetic  field. 
Thus  for  the  design  mode  has  been  determined  to  be: 
P«ray  =  0. 15  •  P^. 

The  stray  radiation  has  its  origin  both  in  diffiaction  losses 
of  the  launcher  which  are  estimated  to  be  S6%  and  in 
imperfect  TE.2s,i6  to  conversion.  The  depth  of  the 

grooves  of  the  converter  has  been  measured  to  be  smaller  than 
the  design  resulting  in  a  conversion  of  only  93%.  The 
unconverted  pan  (7%)  of  the  cavity  mode  contributes  to  the 
stray  radiation. 


The  rf  -  power  through  each  window  was  measured  to  be 
the  same  within  the  experimental  accuracy  (±5%).  The 
experimentally  observed  single-mode  operating  range  is  in 
gtxxi  agreement  with  results  of  numerical  calculations 
performed  with  a  multimode  code  taking  into  account  the 
diode  stan-up.  A  maximum  rf-output  power  of  875  kW  with 
an  output  efiBciency  of  19%  (27%  with  SDC)  has  been 
achieved  at  Uc=88.2kV,  Ib=52A  and  Bc>v=5.63T.  The 
measured  rf-power  versus  the  beam  current  It  is  shown  in  Fig. 
2.  The  cathode  voltage  was  optimized  for  maximum  output 
power.  In  the  figure  the  rf-losses  in  the  walls  and  the 
windows  Pq  (estimated  to  13%),  the  stray  radiation  P^y  and 
the  calculated  rf-power  generated  in  the  cavity  Pc*,  are  also 
given.  For  the  c^culations  the  operating  parameters  and  a 
velocity  spread  =  6  %  have  been  taken.  Also  if  the  rf- 
losses  Pq  and  are  taken  into  account,  a  deficit  of  rf- 

power  of  about  (0.35-0.4)*P,*  remains,  zqjproximately 
independent  of  the  operating  parameters  (Ib,  Uc  Bc„)  as  is 
shown  1^  the  stars  in  Fig.  2. 


Conclusions 


The  single-mode  operating  range  is  in  good  agreement  with 
numerical  simulations.  This  confirms  the  influence  of  the 
voltage  overshooting  and  the  window  reflections  on  single¬ 
mode  oscillation  as  observed  in  the  measurements  with  the 
axial  version  of  the  tube[l].  The  efficiency  of  the  rf-output 
system  with  the  two-step  conversion  scheme  is  only  about 
85  %.  The  generated  rf  power  (Pa  +  P*^  +  P.^)  is  still  less 
than  2/3  of  the  theoretic^ly  expected  value  P,*.  The  corre¬ 
sponding  results  in  the  axial  version  of  the  gyrotron  showed 
good  agreement  between  experiment  and  calculations.  The 
occurence  of  beam  instabilities  enhanced  by  the  captured  stray 
radiation  indicates  that  the  observed  operation  with  reduced 
efficient  may  be  related  to  a  distortion  of  the  beam  properties 
within  the  fiill-metal  beam  tunnel  due  to  beam  instabilities, 
which  above  a  certain  level,  completely  destabilize  the  beam. 
An  experiment  with  a  modified  beam  tunnel  employing  rf- 
absorbing  material  and  an  improved  in-waveguide  mode 
converter  is  under  preparation. 
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Abstract  We  designed  and  experimentally  demonstrated 
the  operation  of  a  novel  quasi-optical  gyrotxon  oscillator. 
The  cort  of  the  device  is  an  overmoded  confocal  cavity 
which  can  effectively  suppress  undesired  modes,  and 
therefore  has  extremely  low  mode  density.  Stable  single¬ 
mode,  single-frequency  operation  at  140  GHz  has  been 
achieved  with  peak  RF  output  power  exceeding  30  kW. 
results  and  experience  obtained  on  this  tube  will  benefit 
further  development  of  confocal  gyro-TWT  amplifiers. 

1.  Introduction.  Conventional  high-power  millimeter- 
wave  gyrotron  oscillators  and  gyro-amplifiers  utilize  cylin¬ 
drical  cavities  and  waveguides.  Some  researchers  have 
studied  gyrotrons  based  on  slotted,  almost  cylindrical, 
cavities  [1,2].  The  novel  quasi-optical  concept  we  propose 
uses  structures  made  of  two  cylindrical  mirrors  forming  a 
confocal  cavity  (mirror  curvature  radii  are  equal  to  the  dis¬ 
tance  between  mirrors)  as  shown  in  Fig.  1.  It  has  the  qual¬ 
ity  of  having  a  low  mode  density.  By  properly  choosing  the 
mirror  width,  one  can  selectively  choose  a  desired  mode 
with  little  loss  while  spurious  modes  are  suppressed 
through  diffraction.  Such  qualities  are  extremely  important 
in  the  development  of  gyro-TWT  amplifiers  in  which  mode 
competition  is  a  severe  problem.  As  a  precursor  to  the 
amplifier  experiment,  a  gyrotron  oscillator  with  a  confocal 
cavity  was  designed  to  study  the  characteristics  of  confocal 
structures. 


Fig.  1 .  Transverse  geometry  of  confocal  waveguide,  with  E- 
field  lines  and  annular  electron  beam. 


2.  Gyrotron  Design.  We  theoretically  modeled  the  confo¬ 
cal  cavity  and  gyrotron.  The  resulting  design  parameters 
for  the  gyrotron  oscillator  are  given  in  Table  I. 

Table  I.  Design  parameters. 


Frequency  (GHz) 

140 

Confocal  cavity  mode 

^■^061 

Beam  voltage  (kV) 

60 

Beam  current  (A) 

5 

Electron  velocity  ratio  a 

1...1.2 

Efficiency  (%) 

10 

Magnetic  field  (kG) 

54 

Beam  compression 

25 

Perpendicular  velocity  spread  (%) 

10 

Beam  radius  (mm) 

1.8 

Mirror  width  2b  (mm) 

6.2 

Distance  between  mirrors  Ly  (mm) 

6.7 

Cavity  axial  length  (mm) 

17 

Diffraction  Q-factor 

1300 

A  triodc  magnetron-injection  gun  is  used  as  the  beam 
source  and  a  gun  coil  and  60  kG  magnet  are  utilized  for 
electron  beam  formation.  Like  conventional  gyrotron  cavi¬ 
ties,  the  confocal  cavity  is  an  open-ended  cavity  with  three 
sections:  a  5^  down  taper,  a  straight  section  and  a  5^  up 
taper  for  output  The  cavity  is  embedded  in  a  cylindrical 
tube  which  also  serves  as  the  beam  dump  and  the  ouq)ut 
waveguide.  The  RF  beam  is  then  radiated  into  free  space 
through  a  quartz  window  at  the  end  of  the  tube. 

The  favorable  qualities  of  the  confocal  cavity  over  conven¬ 
tional  cavities  result  from  its  distinct  gaussian-like  field 
distribution.  However,  the  lack  of  azimuthal  symmetry  re¬ 
duces  the  form  factor,  and  as  a  result,  sacrifices  some  effi¬ 
ciency.  To  analyze  how  this  affects  the  starting  current  of 
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MAGNEnC  FIELD  (kO) 

Fig.  2.  Gyrotron  starting  current. 

the  gyrotron,  we  use  the  generalized  theory  [1,4].  For  a 
velocity  ratio  of  a=1.0  and  no  velocity  spread,  Fig.  2  shows 
the  starting  current  versus  the  magnetic  field  for  operation 
in  the  and  modes.  Spurious  modes  like  the 

TE^^^  and  TE^^^^  modes  have  low  diffraction  Q-factors 
and  therefore  cannot  be  excited  in  the  cavity. 

3.  Experimental  Results.  The  designed  TE^^^  mode  is 

observed  at  136  GHz.  A  peak  power  of  30  kW  is  achieved 
in  stable  operation,  with  a  pulse  width  of  3  ^s  and  up  to 
10%  efficiency.  By  sweeping  the  magnetic  field,  we  re¬ 
vealed  the  neighboring  mode  of  TE^^^  at  1 14  GHz.  Both 

modes  have  substantial  RF  power  output  as  shown  in  Fig. 
3.  The  result  is  in  a  good  agreement  with  the  small  signal 
theory  (Fig.  2.).  The  data  plotted  in  Fig.  3,  taken  at  58-63 
kV  and  5.5  A,  was  optimized  with  gun  magnet  coil  and 
beam  voltage  to  maximize  power.  The  small  levels  of 
parasitic  output  at  magnetic  fields  of  47  to  51  kG  are  not 
yet  conclusively  identified. 

The  dependence  of  power  and  efficiency  on  beam  current  at 
voltage  of  63  kV  and  frequency  of  136  GHz  is  measured 
and  shown  in  Fig.  4  with  a  velocity  ratio  a  close  to  1 .  The 
measured  starting  currents  for  the  and  TE^^^ 

iiKxles  are  0.3A  and  0.8A  respectively. 

Simulations  using  EGUN  predict  a  perpendicular  velocity 
spread  of  20%.  The  relatively  high  velocity  spread  is  ex¬ 
pected  because  the  magnetic  field  profile  is  not  suitably 
optimized  for  this  experiment.  Nonetheless,  an  efficiency 
over  10%  is  observed  at  a  larger  than  1.  We  plan  to  redo 
these  experiments  using  a  different  magnet  which  in  theory 
provides  a  much  lower  velocity  spread,  higher  a  values, 
and  higher  efficiency. 


CAVrrV  MAONBnC  field  (kO) 


Fig.  3.  Measured  gyrotron  power  vs.  magnetic  field. 


Fig.  4.  Measured  gyrotron  power  and  efficiency  vs.  current. 

Conclusion.  The  confocal  gyrotron  oscillator  experiment 
demonstrates  the  feasibility  of  the  operation  of  a  fully 
mode-selective  gyrotron.  As  shown  in  Fig.  3:  confocal  cav¬ 
ity  is  characterized  by  the  distinct  feature  of  low  mode 
density  and  high  mode  selectivity.  This  demonstrated  fea¬ 
ture  of  the  confocal  cavity  makes  it  particularly  suitable  for 
further  applications  in  gyro-TWT  amplifiers. 
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Abstract  -  The  design  and  operation  of  a  32  GHz  pulsed 
gyrotron  are  reported.  The  device  is  step-tuned  between 
the  TEi,2  (24.16  GHz)  and  TEo,2  (31.78  GHz)  inodes  with 
cathode  voltages  ranging  from  30  to  40  fcF  and  beam  cur¬ 
rents  up  to  3.0  A.  In  the  TE2,2  resonator  mode  an  output 
peak  power  of  6  kW  was  obtained  with  am  18%  measured 
efficiency. 

1;  Introduction 

The  design  and  operating  characteristics  of  a  32  GHz 
gyrotron  developed  at  INPE  are  presented.  The  experi¬ 
ments  have  been  carried  out  at  short  pulse  lengh  (*^15  /ts) 
and  low  duty  cycle  (0.025%)  which  greatly  alleviate  prob¬ 
lems  associated  with  heating  of  the  tube.  However,  the 
design  of  both  the  resonant  cavity  and  collector  is  consis¬ 
tent  with  technological  constraints  posed  by  long  pulse  and 
high  average  power  devices. 

2.  Design  of  Experiment 

A  15  ^  pulselength  annular  electron  beam  is  gen¬ 
erated  by  a  temperature-limited  MIG-gun  with  a  triode 
configuration  and  cathode  radius  of  2.5  cm.  The  beam 
couples  to  the  second  radial  maximum  of  TEm,7  modes  in 
the  resonator  which  consists  of  a  standard,  tapered  cavity 
machined  from  brass  with  tolerances  of  ±0.1  mm,  having 
input  and  output  linear  tapers  of  1®  and  5®,  respectively. 
The  straight  mid-section  is  4.95  cm  long  and  2.10  cm  in 
diameter  which  provides  a  di&active  Q  factor  of  the  order 
of  1000  for  TE  modes  operating  in  the  range  29-32  GHz. 
The  collector  is  a  copper  tube  of  6.3  cm  internal  diameter. 
The  active  length  of  13  cm  was  determined  from  the  study 
of  the  deposited  energy  pattern  by  the  spent  beam  on  the 
inner  collector  surface  [1].  By  means  of  the  collector  coil, 
the  electron  trajectories  can  be  controlled  to  some  extent 
to  restrain  the  energy  flux  density  to  a  maximum  tolerable 
value  of  2  kW/crri^  in  CW  operation.  The  cavity  magnetic 
field  is  provided  by  20  conventional  water-cooled  solenoids 
fed  by  a  current  of  900  A.  This  system  produces  a  mag¬ 
netic  field  strength  up  to  1.3  T  with  a  spatial  homogeneity 
of  ±0.1%  over  the  cavity  interaction  region. 


3.  Experimental  Results 

FVequency  measurements  were  made  using  a  direct 
reading  frequency  meter  to  within  a  0.15%  accuracy.  Mea¬ 
sured  data  are  presented  in  Table  1  which  also  includes 
frequencies  calculated  from  self-consistent  theory  using  the 
design  cavity  radius  of  10.57  mm. 

For  the  absolute  output  power  measurement,  a 
fast  response  calorimeter  with  a  thermal  sensitivity  of 
0A^C/W,inin  was  built  and  tested.  The  calorimeter  com¬ 
prises  a  quartz  cone  which  is  made  sufficiently  long  so  as 
to  provide  an  effective  broeid  band  impedance  matching. 
The  chosen  absorbing  fluid  is  water,  since  ordinary  water 
is  almost  ideal  both  as  dissipating  medium  and  calorimet¬ 
ric  fluid.  Power  measurement  results  are  given  in  Table 
1,  where  the  highest  average  power  of  0.63  W,  that  corre¬ 
sponds  to  a  6  kW  output  peak  power,  was  achieved  by  the 
TE2,2  mode.  A  typical  oscillogram  for  this  mode  is  shown 
in  Fig.  1,  where  it  is  seen  that  microwave  is  present  only 
during  the  flat  top  of  the  current  puke. 

Beam  velocity  measurements  on  the  beam  were  made 
using  a  coaxial  capacitive  probe  [2],  which  consists  of  an 
electrically  isolated  cylinder  20  mm  long  placed  just  before 
the  cavity, 

4.  Discussion  and  Conclusions 

First  we  note  from  Table  1  that  the  measured  efficien¬ 
cies  are  lower  than  the  expected  values,  which  are  on  the  or¬ 
der  of  30%.  There  are  a  variety  of  reasons  that  account  for 
the  low  efficiencies  measured.  These  include:  beam  align¬ 
ment,  electron  velocity  dispersion,  and  mirroring  effects. 
Alignment  of  the  beam  guiding  centre  is  a  critical  require¬ 
ment  to  minimize  beam  interception  at  the  cavity  entrance 
and  ensure  high-efficiency  op>eration.  This  is  supported  by 
the  fact  that  the  lowest  efficiency  so  far  obtained  corre¬ 
sponds  to  the  TEo,2  mode,  which  -  due  to  its  azimuthally 
symmetric  field  structure  -  requires  a  well  centered  beam 
to  be  strongly  coupled  to  electron  beam.  Nevertheless,  an 
18%  efficiency  was  obtained  with  the  TE)2,2  mode,  which 
is  less  sensitive  to  beam  misalignment.  The  low  efficiencies 
are  also  ascribable  to  electron  velocity  dispersion,  and  it 
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mie  1:  Summary  of  the  results  (V*:  cathode  voltage;  Pteam-  average  beam  input  power;  measured  output  power; 
17:  efficiency;  0^,  Pf  transverse  and  axial  edectron  velocities  normalized  to  the  speed  of  light;  q:  velocity  pitch  ratio)  ' 
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0.31 

0.10 

3.0 
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0.46 
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0.31 

0.18 
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0.32 

0.11 
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0,2 
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31.7475 
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11.2 

0.32 

2.8 

0.34 

10.15 

2.3 

is  likely  that  the  actual  velocity  dispersion  on  the  beam 
should  be  much  larger  than  the  5%  value  predicted  by  nu¬ 
merical  simulation  (1).  The  third  major  reason  explain¬ 
ing  the  low  efficiencies  is  attributed  to  the  beam  mirror¬ 
ing  that  occurred  as  the  beam  propagated  down  the  drift 
tube.  This  was  strongly  made  evident  our  beam  veloc¬ 
ity  measurements  using  the  capacitive  probe,  which  gave 
electron  velocity  ratios  a  =  vx/vy  as  high  as  3.0  (Table 
1).  To  illustrate  this  point,  Fig.  2  shows  the  phase  space 
for  the  electron  beam  with  control  parameters  (magnetic 
field  and  cathode  voltage)  set  at  the  TE2,2*Daode  operat¬ 
ing  conditions.  We  can  see  that  for  z  >  40.0  cm  and  after 
a  time  span  of  13.0  ns,  a  strong  mirroring  process  takes 
place  with  35%  of  the  beam  electrons  returning  to  the  gun 
region.  This  is  an  undesirable  effect  as  the  back  bombard¬ 
ment  of  the  electrons  on  the  cathode  surface  reduces  the 
life  of  the  emitter,  which  in  our  device  consists  of  a  coating 
mixture  of  (Ba  Sr)C03  sprayed  onto  a  nickel  base. 

The  corresponding  signal  detected  by  the  capacitive 
probe  (installed  at  z  =  50.0  cm)  is  displayed  in  Fig.  3, 
where  it  is  appairent  in  the  voltage  pulse  a  sharp  peak  that 
rapidly  decreases  to  approach  a  constant  value.  This  sug¬ 
gests  that  a  stationary  state  was  reached  by  the  beam. 
We  conjecture  that  accumulation  of  reflected  electrons  in 
the  near  cathode  region  leads  to  a  depression  of  the  electric 
field  on  the  emitter;  this  effect  decreases  the  electron  trans¬ 
verse  velocity  and  enables  the  trapped  particles  to  escape 
towards  the  cavity. 

In  the  next  experiments,  considerations  will  envolve 
beam  alignment  and  reduction  of  the  pitch  ratio  parameter 
to  the  optimum  value  of  a  1.5  as  indicated  by  numerical 
simulation.  A  way  to  reduce  a  is  to  enlarge  the  gap  spac¬ 
ing  between  the  first  and  second  anodes  [3],  which  leads 
to  an  increase  in  the  electron  axial  velocity  as  the  beam 
propagates  past  the  first  anode. 
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Fig.  1  -  (a)  RF  pulse  and  (b)  beam  current  waveform 
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Fig.  2  -  Phase  space  for  beam  electrons 


Fig.  3  -  Probe  and  beam  current  signals 
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Abstract 

In  this  paper  we  present  a  method  to  analyze  the 
complete  modes  of  rectangular  groove  waveguide.  By  this 
method  we  have  derived  the  characteristic  equations  of 
that  waveguide 

1.  Introduction 


can  be  derived  in  a  similar  vay. 

(1)  TE  modes 

Considered  x=0  plane  being  an  electric  wall,  y=0  plane 
being  a  magnetic  wall  and  other  boundary  conditions,  H, 

components  of  TE  modes  can  be  expressed  as 
00 

(1) 


When  the  frequency  is  higher  than  lOOGhz,  traditional 
waveguides  suffer  from  the  difficulties  such  as  smaller  size, 
higher  loss,  and  lower  power  handling,  etc.  Groove  waveguide 
has  attractive 
features,  v/bxch  has 
been  analyzed  by 
many  authors. 

One  of  these  is 
rectangular  groove 
waveguide  which 
can  be  easily 
transformed  to 
common 
rectangular 
waveguide  and  has 
potentially  widely 
applicational 
prospect  In  order 
to  use  it  we  need 
more  informaticHis 
about  its  mode  characteristic. 

2.  Theoretical  Analysis 

The  cross  section  of  the  guide  has  the  form  and  the 
dimensions  shown  if  Fig.1.  There  are  two  symmetry  planes. 
One  is  horizontal  plane(x^),  and  the  other  is  perpendicular 
plane  (y=C),  Th^  can  be  treated  as  electric  wall  or  magnetic 
wall  respectively.  The  cross  section  of  the  guide  is  divided  into 
two  regions,  A  and  B.  Because  of  the  symmetry,  we  consider 
the  half  plane(x^). 

In  the  following,  we  derive  the  field  components* 
expressions  and  the  characteristic  equations  of  TE  and  TM 
modes  in  the  case  of  x=0  plane  being  an  electric  wall  and  y=0 
plane  being  a  magnetic  v^l  only.  The  field  components  and 
characteristic  equations  of  TE  and  TM  modes  in  other  cases 
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Fig.  1.  The  cross  section  of  the 
rectangular  groove  waveguide 


in  region  A,  and 

so 

=  **  Z  exp[-Ar^(x  -  6/2)]  (2) 


in  region  B,  where 

_2n  +  l 


(3) 


^yAn  ^  ^xAn  ^yBm  ^xBm 

The  remaining  field  components  can  be  derived  from  the 
above  equations.  The  boundary  conditions  between  region  A 
and  B  are  given  by  the  following  expressions. 

H.,  =  Ha  {x  =  b/l  -  c/2^y^  cll)  (4) 

{x  =  bl2-cl2^y^c/2) 

(x  =  b/2.c/2^^^afi) 

By  making  use  of  boundary  conditions  the  following  equation 
is  obtained 

4)  =  i:  cos(W^„  4-> 


(5) 


(6) 


A(m,m)  C(s,s) 
where 

fftyAM  =  -O  =  ( 


{b=0.1,2,3...) 


2n  +  l 


fr)-a 


11/  I  ,2m  +  l  . 

^lyBm  =  kyBm  =  (— O 

^txAn  ~  ^tiBm  ~  ® 

A(jn,n)  =  sin(-— ---  ny)  sin(^'*'^  fy)dy 


at  \  t~  ■  ,2jn+l  .  2n  + 1 
B(m,n)  =  J  2  sjn( - ry)  sin( - fy)dy 
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-5  a  a 

It  can  be  simplified  as 

IA1IT]=0  (7) 

Vidiere 

tTHeo,ei.e2...]^ 

The  each  element  of  the  matrix  [A]  can  be  expressed  as 

_Vii/  ^^fu/  Bim,s) 

- - - - - 

■»o  2  A(m,n)  C(s.s) 

whereS*  is  the  Kronecker  delta 

The  characteristic  equation  of  TE  modes  is 
det[A]=0  (9) 

According  to  our  calculation,  Fig.2  shows  the  relation  between 
“kJTa.  of  the  dominant  mode  TEjJ^  and  the  normalized  plate 

spacing  c/a  The  varying  tendency  of  the  curve  coincides  with 
the  theoretical  result  ■  of  rectangular  groove  given  by 
A.A.01inei^l 
m 


COS(»U  h 


M-O 


■uA.-f) 


V-i— ri-OLZ . ) 

where 

cos(-^^i-^-;rv)cos(-^^^;5^V^ 


(8)  0(m,n)  =  ji^cosC - rrv)cos(-^^i^;ry)</y 

-j  e  a 

=  Jl  cos(-^^i^?5y)cos(-^^i^;r^')c(y 

-j  fl  fl 

It  can  be  simplified  as 

tA]rr]=o 

where 

m=[eo.e,,e2 . f 

The  each  element  of  [A]  is 
B 


(14) 


(15) 


B 


<^«,  =  MW^,-^yS„  +  W^„.coKW^„ 

y  _1_  _0(m^  0{m,s) 
m.o^teSa,  Pim,m)  j2(j,j) 

The  characteristic  equation  of  TM  modes  is 
det[A]=0 


■) 


(16) 


(17) 


(2)TM  modes 

The  longitudinal  field  components  of  TM  mode  in  region 
A  and  B  are  expressed  as  follows 

m 

P^u  =  k]  z  c<»(*>i«>')  sin(*^„x)  ( 1 0) 

naO 

in  region  A,  and 

flO 

PtB  =  k]  cos(*^,j/)exp[-A:^,(x  -h/2)]  (11) 

JNaO 

in  region  B. 

We  have  the  boundary  conditions 

(.x  =  bl2,-cl2^y^c/2) 

0  (x  =  b/2,c/2^\)\ia/2) 

(x  =  6/2,- c/2  Sy  Sc/2) 


(12) 


3  Conclusion 

Under  the  case  of  x=0  plane  being  an  electric  wall  and  y=0 
plane  being  a  magnetic  wall,  the  characteristic  equations  of 
TE  and  TM  modes  are  given.  Using  the  similar  way  we  can 
derive  the  characteristic  equations  of  TE  and  TM  modes  in 
other  seven  cases.  So  we  can  obtain  the  complete  modes  fi’om 
all  of  the  characteristic  equations. 
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Abstract— A  systematic  study  of  corrugated  coaxial  gy¬ 
rotron  cavities  is  done  by  examining  the  role  played  by  the 
corrugation  parameters  on  the  dependence  of  the  trans¬ 
verse  eigenvalue  Xmp  with  respect  to  the  coaxial  parame¬ 
ter  C.  An  explicit  expression  for  slope  function  dxmp/dC 
is  then  obtained  whidi  provides  added  insight  into  the  se¬ 
lective  properties  of  corrugated  coaxial  cavities,  A  cold 
experiment  to  verify  the  values  of  resonant  frequency  and 
total  Q  factor  is  performed  where  measured  and  calculated 
results  are  in  close  agreement. 

1.  Calculation  of  the  Eigenvalues 

Let  us  consider  a  corrugated  cylindrical  cavity  with  ge¬ 
ometry  as  shown  in  Fig.  1,  where  the  coaxial  insert  is  a 
longitudinally  slotted  cylinder.  Instead  of  using  space  har¬ 
monics  [1]  in  the  formulation  of  the  electromagnetic  field 
problem,  we  shall  proceed  with  a  simpler  method,  usually 
referred  to  as  the  surface-impedance  approach  [2],  The 
method  relies  on  the  assumption  that  the  ratio  between 
the  tangential  iS  and  ^  fields  can  be  expressed  as  an 
impedance-type  boundary  condition  and  that  such  a  ra¬ 
tio  must  be  given  unambiguously  in  terms  of  the  geometry 
of  the  corrugated  wall.  Under  the  condition  that  the  slot 
width  is  less  than  a  half  wavelength  of  the  operating  mode, 
which  means  that  the  field  variation  along  a  slot  interval 
is  negligible,  the  corrugations  may  be  represented  by  a  ho¬ 
mogeneous  reactive  surface  at  r  =  iii  (Fig.l). 

The  characteristic  equation  for  the  tranverse  wavenum¬ 
ber  is  obtained  on  applying  continuity  conditions  to  the 
surface  reactance  at  r  =  ii*,  so  that 


^  lJi(.y)Y,{y^)-Yi{y)Ji(y^) 

^Jo{y)Yi{y^)-Yo{y)Ji{y^y 

where  the  transverse  eigenvalues  Xmp  =  k±Ro  ^  x,  y  = 
Xfnp/C  with  C  =  Bc/Ri  and  =  V  (1  -  d/Ri)\  Jm  and 
Yfn  are,  respectively,  Bessel  functions  of  the  first  and  second 
kinds  with  primes  denoting  differentiation  with  respect  to 
the  argument. 

To  investigate  the  effect  on  the  x{C)  curve  shape 
of  varying  the  corrugation  parameters,  we  shall  look 
at  the  extremes  of  the  eigenvalue  curves,  by  expressing 
the  derivative  of  Xm,p  with  respect  to  C  in  the  form 


Figure  1:  Cross  section  of  the  corrugated  coaxial  cavity 


dXmp 

dC 


-yfjy) 


(x^  —  m^) 


wJ„,  (y)  -t-  j;.  jy) 

CJ'M 


t2 


-/(y) 


(3) 


where 

f{y)  =y'^w^  (l  -  y)  +y^  (l  -  (4) 


with 

Ji{y<i)Yo{y)-Yo  {y)Ji{y^) 

As  can  be  shown,  the  denominator  of  the  right-hand  side 
of  (3)  is  always  positive.  Hence,  the  sign  of  the  deriva¬ 
tive  dxtdC  is  opposite  to  the  sign  of  /  (y),  and  further  the 
condition  for  obtaining  an  extremum  of  x  la  given  by 
/  (y)  =  0.  Tb  illustrate  this  point,  we  show  in  Fig.  2  the 
function  yf  (y)  corresponding  to  the  corrugation  parame¬ 
ters  d/Ri  ==  0.4,  l/s  =  0.2  and  azimuthal  number  m  =  6, 
Examining  this  plot  we  can  anticipate  the  behavior  of  the 
eigenvalue  curves  for  the  family  of  modes  TE6,p  with  ra¬ 
dial  number  p  >  1.  As  the  variable  y  is  the  ratio  of  eigen¬ 
value  X  to  the  parameter  C,  the  first  zero  at  A=  0,  implies 
that  the  eigenvalue  curves  tend  asymptotically  to  C  — ►  oo 
with  zero  dxjdC  slope.  This  limit  corresponds  to  the  hol¬ 
low  cylindrical  ressonator.  Since  y/  (y)  <  0  in  the  range 
A<  y  <B,  the  slope  dxjdC  is  positive  in  this  range  with 
B=  6.31  corresponding  to  the  first  local  minimum  on  the 
X  {C)  curve.  Rom  B  to  C  the  derivative  dxjdC  is  negative 
and  C=  11.29  should  correspond  to  a  local  maximum.  Fur¬ 
ther,  D=  12.51  gives  a  minimum,  E=  19.17  is  a  maximum 
and  so  on.  For  this  case  we  may  infer,  therefore,  without 
solving  the  characteristic  equation  (1),  that  the  function 
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X  (C)  has  an  oscillatory  behavior  with  alternating  minima 
and  maxima,  but  with  the  oscillation  period  shortening  as 
y  increases.  On  the  other  hand,  the  function  yf  (y)  dis¬ 
plays  a  different  behavior  when  the  following  corrugation 
parameters  d/Ri  =  0.20  and  l/s  =  0.40  are  considered. 
In  this  case  (Fig.  3),  there  exists  only  one  minimum;  af¬ 
ter  reaching  this  minimum  at  y  =  5.79  the  curves  xe.p  {C) 
with  p  >  1  should  exhibit  negative  slope. 


We  can  obtain  still  more  information  about  the  eigen¬ 
value  curves  by  noting  in  Figs.  2  and  3  that  the  function 
yf  (y)  diverges  as  |ti;|  oo.  Upon  using  the  asymptotic 
forms  of  Bessel  and  Neumann  functions  for  large  arguments 
in  (2)  we  have  w  =  {l/s)  tan  {yd/Ri)  and  (3)  reduces  to 


dXmp  _  Xmp 

dC  C 


(6) 


as  |u;|  — ►  oo.  Recalling  that  the  denominator  of  the  right- 
hand  side  of  (6)  is  positive,  we  see  for  {d/vi)  /  {l/s)  >  1  that 
the  derivative  dx/dC  is  positive  and,  accordingly,  yf  (y) 
diverges  to  minus  infinity  as  shown  in  Fig.  2;  the  converse 
occurs  for  {d/Ri)  /  {l/s)  <  1  and,  as  lu;|  oo,  the  limiting 
value  of  yf  (y)  is  -hoo  as  indicated  in  Fig.  3. 


tion  yB  >  y  >  y#,!  of  the  curves.  For  y  >  1,  the  sin¬ 
gular  points  of  /  (y),  or  the  poles  of  ly,  are  approximated 
by  ys,p  =  (2p  -  1)  rr  /{2d/Ri) ,  and  it  is  apparent  that  the 
upper  curves  X6,4  Md  X6,3  exhibit  secondary  plateaus  in 
the  neighborhood  of  the  intersection  points  on  the  lines 
y  =  yj.2  =  3.757r  and  y  =  y,,3  =  6.257r.  We  see  also  in 
Fig.  4  that  the  y,,i  line  does  not  intercept  the  TEe.i-mode 
curve.  Such  a  lowest  order  mode  with  circumferential  vari¬ 
ations  is  very  insensitive  to  the  presence  of  the  corrugated 
rod  and  has  a  umque  feature  in  exhibiting  transverse  eigen¬ 
values  lower  than  the  azimuthal  number  m=6.  This  yields 
that  the  tangent  to  the  curve  (6, 1)  through  the  point  T 
coincides  with  the  line  joining  this  point  and  the  origin  at 
C  =  0  since,  according  to  (6),  dx/dC  -x/C  for  m  =  x*  We 
note  that  the  function  y/(y)  has  only  a  zero  at  the  point 
C  =  0,  so  that  the  function  xiQ  when  p  =  1  has  neither 
minimum  nor  maximum.  It  is  important  to  observe  in  Fig. 
4  that  differently  from  the  smooth  wall  case  for  which  the 
eigenvalue  increases  without  limit  as  C  — ►  1,  a  notice¬ 
able  effect  is  that  the  eigenvalue  for  the  corrugated  cavity 
is  limited  as  C7  — 1.  This  limiting  value  be  easily 
estimated  and  it  is  given  by  Xmp  =  (p  -  l)7r /{d/Ri)  where 
p  is  an  integer  denoting  the  radial  mode  number. 


Figure  4:  x{C)  -curves  for  TEg.p  modes  with  d/Ri  =  l/s 
II.  Conclusions 


y 

Figure  3:  Function  y/(y)with  d/Ri  <  l/s 

By  contrast,  for  d/Ri  =  //s  =  0.4  we  see  in  Fig.  4 
that  the  TEl6,4-niode  curve  broadens  and  flattens  over  a 
relatively  large  range  of  the  parameter  C.  In  this  particu¬ 
lar  case,  the  singular  points  of  /(y)  are  associated  with 
a  zero  derivative  dx/dC  as  indicat^  by  (6);  therefore, 
all  the  x{C)  curves  have  zero  slope  when  crossing  the 
line  y  =  yj,i  corresponding  to  the  first  singular  point  at 
y,,i  1.257r,  which  explains  the  flattness  of  the  main  por- 


The  potentialities  of  a  corrugated  coaxial  cavity  con¬ 
figuration  with  longitudinal  corrugations  on  the  inner  con¬ 
ductor  has  been  investigated  in  the  case  of  small  corru¬ 
gation  periodicity.  A  judicious  study  of  the  characteristic 
and  influence  of  the  parameters  of  the  corrugations  in  the 
eigenvalues  curves  x[C)  was  carried  out.  The  use  of  corru¬ 
gations  enables  the  change  of  the  slope  of  the  curves  x(C'), 
and  the  choice  of  the  values  of  the  quality  Qx  factors  asso¬ 
ciated  with  the  frequency  spectrum  of  the  coaxial  cavities 
with  tapered  inner  rod.  It  is  suggested  the  use  of  this  ge¬ 
ometry  for  overmoded  cavities  of  high  power  and  frequency 
gyrotrons  in  order  to  reduce  the  problems  of  mode  compe¬ 
tition  in  gyrotron  cavities.  A  cold  experiment  was  carried 
out  and  good  agreement  between  measured  and  calculated 
values  for  resonant  frequency  and  Qr  values  was  found. 
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This  work  is  the  continuation  of  the  whole  series  works  [1^]  devoted  to  investigation  of  semi-opened  waveguide 
junctions  and  their  utilizing  for  dielectrics  and  ferrites  electromagnetic  characteristics  measurement  on  SHF. 

RESULTS 


The  rectangular  waveguide  Junction  loaded  with  anisotropic  dielectric  have  been  considered  in  this  work.  For 
cboozen  anisotropy  (single-axis  crystal  with  6=  ^mno’~  ^mnc  (the  indecies 


show  the  number  of  semi-variants  of  field  along  x,y  and  z  axises  correspondingly)  common  wave  equation  break  up  into 

two  equations: 

a)fOTH-modes: 


+ —  0, 


(1) 


b)  for  E-modes: 


1  1  d^Hz  .20 

dx^  ^x  dy^ 


0  . 


(2) 


where  /Cq  =  -wave  lengh. 


After  the  decision  of  conespondent  electromagnetic  problem  two  infinite  system  of  the  linear  algebraic  equations  of 
second  kind  (SLAE)  have  been  obtained: 

a)  -oscillations: 
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where  following  designations  have  been  introduced: 
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-transimtion  (fade)  constant  if  waveguides  are  cut-off  on  resonant  frequencies;  the  upper  indecies  are  corresponding  to 
waveguides  A  and  B  with  transverse  sizes  2b  and  2a;  I  -the  central  region  (junction  region)  loaded  with  anisotropic 
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fnb  y'ma  become  imaginary. 

The  next  designations  in  (4)  correspond  to  introduced  designations  in  equation  (3). 

frequencies  may  be  determine  fiom  the  condition  of  the  equaUty  to  zero  the  determinant  of  equation  system 
(3,4).  Hie  effective  algorithm  for  solving  of  SLAB  (3),  (4)  by  PC  fflM  have  been  carried  out 

It  can  be  seen  from  the  (l)-(4)  that  the  expression  for  -oscUlations  has  only  .  and  the  expression  for  E, 

-oscillations  has  6;^  and  By. 


mnc 


.  Hiis  is  permit  to  create  set  for  determination  of  each  components  of  dielectric  permittivity  tensor  £  .  Hie  measurement 
set  includes  standart  VSWR  as  P2-65.  standart  SHF  waveguide  tract  and  frequency  meter.  The  set  is  automatic 
(frequency  tneter  connected  wth  PC  AT  386/387),  due  to  this  the  time  of  single  measurement  of  £  with  accuracy 


CONCLUSIONS 

On  the  basis  of  the  theoretical  analysis  carried  out,  a  method  and  the  measurement  complete  set  for  electromagnetic 
characteristics  of  materials  measuring  are  developed.  Hiey  have  non-destructive  nature  and  permit  foUows: 

-to  measure  local  parameters  of  isotropic  and  anisotropic  dielectrics; 

-to  define  the  direction  of  permittivity  ellipsoid  axis  of  anisotropic  crystals. 
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Abstract 


Eigen  modes  classification  of  the  equal-arm 
cross-shaped  waveguide  splitters  has  been 
suggested  in  this  work.  It’s  based  on  the  field 
topology  graphical  investigations  and  shows  the 
agreement  with  symmetric  field  space  principal. 

Introduction 

Comprehension  the  .  resonance  phenomenon 
physics  of  waveguide  splitters  made  possible  a 
rigid  calculations  of  their  eigen  [1,2]  and  quasi- 
eigen  [3]  spectrums.  It  has  been  stimulated  a 
splitters  practical  utilization  as  a  basis  of  both 
magnetodielectric  bar  test  fixture  [4,5]  and 
transmission  lines  design  [6,7].  Nevertheless, 
some  mistakes  were  made  during  field 
classification.  The  higher  order  modes  have  been 
described  as  modes  having  diJBferent  number  of 
field  variations  along  axis  X  and  Y  [1,6].  A 
necessity  even  mode  classification  also  was 
arisen. 


Eigenmodes 

classification 


Figure  shows  the  cross  section  of  equal-arm 
cross-shaped  transmission  line  [7,8]  with 
dielectric  bar  [6].  A  critical  fiequencies  of  the 
line  correspond  a  resonance  frequencies 
q)plicable  rectangular  waveguide.  For  example, 

the  line  EH  \\  corresponds  ti>e 

rectangular  waveguide  splitter  -eigenmode. 
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Fig.  Cross-  section  of  equal-arm 
waveguide  splitter  with 
dielectric  bar 


The  odd  and  even  wave  field  topology 
investigations,  have  made  by  us,  allow  to 
conclude  that  a  equal  number  of  field  variations  is 
settled  at  the  waveguide  arms,  i.e.  along  X  and  Y 
axis.  The  waves,  having  a  equal  number  of 
variations  in  waveguide  arm.s  compare  bv  the 
number  variations  along  the  diagonals  AD  and 
BC  (Fig):  and  we  have  here  “electric”  or 
‘*magnetic”  walls,  simultaneously.  That  is  why 
we  have  proposed  a  mode  classification  which 
seems  to  us  more  comfortable  in  this  case. 
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For  example,  according  to  the  new  classification 

EHl  ^-wave  will  be  in  agreement  with  the 
following  field  structure: 

(+)  -  along  the  diagonals  AD  and  BC  are  electric 
walls  and  (n)  is  the  electric  field  variations 
number  along  their; 

(m)  are  variations  number  along  X  and  Y  in 
waveguide  arms. 

Similarly,  for  the  ffE~mn 

(-)  -  along  the  diagonals  AD  and  BC  are  magnetic 
walls  and  (n)  is  a  magnetic  field  variations  along 
their. 

The  obtained  results  consistent  with  general 
symmetry  principal  according  to  which  an  each 
of  the  symmetry  plans  of  electrodynamics  system 
must  be  an  electric  or  magnetic  walls  191. 
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Abstract 

The  wave  resistance  and  attenuation 
expressions  of  the  line  principal 
LMExo  -wave  have  been  obtained. 

Their  frequency  dependence,  based  on 
obtained  expressions,  were  analyzed. 

Introduction 

The  interest  to  the  cross-shaped 
waveguide  is  due  to  necessity  for  CAD 
theoretical  base  establishment  of  band 
pass  filters  [1],  having  high  electrical 
parameters  [2].  By  the  method  of  partial 
regions  a  problem  of  the  hybrid  LME 
and  LEM  waves  propagation  have 
been  solved.  The  first  ones  are 

transformed  to  the  LM  and  the  second 
ones  -  to  the  LE  waves  during 
limiting  posses  to  the  rectangular 
waveguide.  The  coupling  quantity  of 
this  wave  is  proportional  to  the 
projections  value  a\^  {Pig-} 

for  the  practically  using  waveguide  it 
can  be  neglected 

A  small  insertion  losses 
®  (0-2-0.5)d5  of  the 


thoroughly  engineered  filters  with  band 
width  AT  «  (5  -  15)  %to  show 
promising  of  this  structure  investigations 
as  a  millimeter  transmission  line  with 

working  LMExq  -  wave. 


4  Y 


Fig>  Cross-Shaped  Partially  Filled 
Waveguide  Cross  Section 


Theory 
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The  expressions  for  wave  resistance 

R  ^  and  attenuation  OC  of  LMEx^ 

wave  were  obtained  on  the  assumption 
that  projections  are  small.  The 
calculations  were  performed  according 
to  the  follow  formulae: 


a 


P.  +  Pe 


9 


where  and  R  ^  are  the 

apportioned  losses  power  in  the 
waveguide  walls  and  dielectric, 

respectively;  R ^  is  the  moving  wave 
power. 


R 


Short  Conclusions 

The  numerical  calculations  based  on  the 
received  formulae  were  performed. 
They _ have  shown  that  cross  shaped 

waveguide  losses  value  when 

agree  with  losses  of  the  rectanpnlar 
waveguide  with  dielectric  filling  anH 
tend  to  the  H-guide  losses  when 

h\^'^ hi'  ^  2^6 

maximal  and  the  second  case  they  are 
less  that  one  order  when  a  high  -Q 

dielectric  is  used.  Both  /? 

-C  V 

and  OC  are  changed  heavily  with  small 
wedge  practically  aren’t 

changed  with  bR^bi- 

The  explanation  for  this  is  that  the 
electromagnetic  field  in  wedge  has  a 
attenuated  behavior. 


References 


where 

hi  h\ 

u=2{lEyj)Sy+lE'y(^’y)^y} 


the  electric  field  p  y  upper  indices 

are  indicated  to  the  partially  region 
number  {Fig}. 
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Abstract 

Physical  peculiarities  of  the  wave  propagation  in  coupled  cy¬ 
lindrical  slot  are  first  studied  in  the  context  of  a  rigorous  elec¬ 
tromagnetic  theory.  The  mode  analysis  is  given.  Dispersion 
characteristics  of  the  waves  are  examined  for  different  ge¬ 
ometry  and  constitutive  parameters.  For  the  lines  possessing 
symmetry,  the  wave  spectrum  splitting  is  considered.  The 
phenomenon  of  the  waves  mutual  transfonnation  is  found. 

Introduction  and  Problem  Formulation 

It  is  well  known  that  structmes  built  around  electrodynami¬ 
cally  coupled  open  waveguides  are  actively  engaged  in  mi- 
CTowave  engineering  for  directional  couplers,  filters,  antennas, 
etc. 


The  wave  propagation  problem  for  a  pair  of  cylindrical  slot 
lines  (Fig.l)  has  already  been  rigorously  solved  [1].  The  pres¬ 
ent  work  is  first  that  offers  numerical  characteristics  of  the 
waves  in  a  structure.  By  now,  the  spectral  problem  of  single 
slot/strfo  lines  is  rather  complete,  and  spect^  characteristics, 
field  structure  have  received  foeir  study  [2-3] . 

It  has  been  shown  [1]  diat  the  eigenwave  problem  for  a  pair  of 
cylindrical  slot  lines  (CSIL)  is  reduced  to  die  solution  of  the 
dispersion  equation  of  the  kind  det[I-A(h)]=0,  where  A(h)  is 
kernel  operator  function  in  the  form  of  a  4x4  block  matrix 
constituted  fi-om  infinite  matrices;  I  is  unit  operator,  h  is 
propagation  constant;  the  eigenwave  fields  depend  on  z  and 
time  as  exp(ihz-io>t).  The  block  structure  and  4x4  dimension 
of  the  matrix  point  to  the  interaction  between  these  two  CSlLs 
and  to  the  coupling  of  the  E-  and  H-  waves  in  die  considered 
metal-dielectric  waveguides.  In  this  case,  the  diagonal  cells 
A(h)  describe  the  single  CSlLs,  and  the  nondiagonal  ones  ac¬ 
count  for  their  interaction.  If  the  considered  structure  has 
planes  of  symmetry  (their  number  does  not  exceed  two),  the 


order  of  the  examined  systems  of  equations  may  be  reduced. 
The  considered  boundary  value  problem  is  solved  by  the  Rie- 
mann-Hilbert  problem  technique  using  the  additional  dieorem 
for  cylindrical  function.  The  present  woric  offers  dispersions 
characteristics  of  the  surfoce  and  leaky  waves  for  some  modi¬ 
fications  of  coupled  CSlLs,  and  it  also  analyses  effect  arising 
due  to  the  mutual  interaction  of  single  lines. 


Discussion  and  conclusions 

The  reduced  dispersion  equation  is  numerically  solved  using 
an  algorithm  based  on  die  Newton’s  method.  The  surfoce  and 
complex  waves  whose  spectral  numbers  belong  to  the  princi¬ 
pal  sheet  of  the  Riemann  surface  arising  due  to  the  Hankel 
function  multivalueness  [1]  will  be  considered.  It  is  possible  to 
show  that  the  wave  spectrum  of  two  coupled  CSlLs  in  the  case 

of  the  narrow  slots  (  6162  «  1 )  and  kL>l  (lc=2n/X,  X-  fiee 

space  wavelength,  L-  the  distance  between  the  waveguide 

centra)  consist  of: 

waves  of  the  inner  waveguides;  ,  XI^^ , 

waves  of  the  outside  region;  two  quasi-To 

waves;four  quasi-T,  waves;  and  quasi- waves 

(+(•)  sign  corresponds  to  the  orthogonal  families  of 
waves,!  and  2  show  waveguide  ). 

First  we  consider  coupled  CSlLs  lying  on  a  metal  base  (Fig.2) 
and  having  die  two  planes  of  symmetry:  the  vertical  and  the 
horizontal  ones.  It  is  distinguished  the  wave  family  corre¬ 
sponding  to  the  electric  wall  presence  at  the  horizontal  plane 
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of  symmetry.  In  such  a  structure  with  the  narrow  slots,  the 
lowest  modes  are  the  slot  waves  and  which  arise 

due  to  the  spectrum  splitting  and  possess  different  svmimetiy 
about  the  vertical  plane  of  symmetry:  die  wave  arises  if 
there  is  a  magnetic  wall  at  the  vertical  plane  of  symmetry,  /r«» 
arises  if  there  is  an  electric  wall.  Dispersion  characteristics  of 
the  slot  waves  Hoo*  zxiA  IT oo  are  shown  in  Fig.3  with  curves  1 


0^  0,2  0.4  0,0  OJ  1,0 


and  2,  respectively;  the  external  medium  loss  is  Imagfes  ) 
=0.01.  In  this  case  both  of  tire  slot  waves  exhibit  a  close  tran¬ 
sition  normalised  frequency  kai  =  ka^,  where  kc^r,  is  die  fre¬ 
quency  when  real(h/k)=l  (k=2«A,,  where  X  is  free  space 
wavelength).  It  is  well  known  that  the  field  behaviour  in  the 
external  region  depends  on  the  transverse  wavenumber  which 
in  this  case  is  x*=ka^(eJ-h*).  If  kq  >  ka„,  dien  real^x)>0  and 
lmag(x)>0  for  both  of  the  slot  waves.  So  their  fields  exponen¬ 
tially  decrease  with  distance  from  the  structure  in  a  transverse 
direction,  and  two  slow  waves  (real(h/k)>l)  are  observed.  If 
kai  <  kor .  then  for  the  wave  Hoo  realfW^  and  lmag(x)>0  are 
initially  valid.  But  at  kai  =0.22  Hm  is  transformed  to  the 
leaky  wave  outgoing  from  the  structure  (real('x)>0  and 
fina^)<0).  The  field  of  this  wave  increases  with  distance 
from  the  structure  in  a  transverse  direction.  For  IToo 
(real^X)>0  and  lmag(x)<0)  for  every  kai  <ita» ,  and  IT tt  is  a 
leaky  wave  outgoing  ^m  the  structure.  It  is  seen  from  Fig.3 
that  there  is  the  region  of  ka  values,  namely,  0.45  <  ka  < 
0.65,  in  which  the  losses  of  the  leal^  Hm  wave  are  very 
small.  It  means  that  the  leaky  H$o*  wave  of  open  coupled 
structure  in  the  above-mentioned  region  is  similar  to  a  fast 
wave  in  the  closed  waveguide.  The  further  behaviour  of  the 
rcal(h/k),  imag(h/k)  for  the  Hm*  wave  under  ka  <  0.42  con¬ 
firms  this  fact,  showing  diat  imag(h/k)»  real(h/k). 

Now  we  shall  consider  a  pair  of  CSlLs  with  the  horizontal 
plane  of  symmetry  (Fig.l).  In  diis  case,  die  CSlLs  have  differ¬ 
ent  diameters.  Dispersion  characteristics  (Fig.4)  of  such  a 
structure  correspond  to  the  orthogonal  wave  families  which 
belong  to  different  classes  of  symmetry  about  the  plane  of 
symmetry,  namely,  to  and  (+<-)  sign  indicates 

the  evermess  (oddness)  of  the  z-  component  of  the  field  about 
the  plane  of  symmetry).  Slot  waves  1  and  2  supported,  respec 


tively,  by  CSlLs  2  and  1  belong  to  die  family  H.*/Ex",  the  rest 
waves  belong  to  the  family  The  slot  wave  associated 

with  CSIL  2  has  evidently  greater  normalised  propagation 
constant  h/k.  Wave  3-4  (this  notation  indicates  the  subsequent 
change  of  the  wave  type  as  kai  varies)  is  the  principal 
one  having  no  cut-off  and  it  represents  a  slot-perturbed  quasi- 
T  wave  of  a  two-conductor  line. 

As  seen  from  Fig.4  there  is  a  region  where  quasi-T  wave  3-4 
“interacts”  with  wave  4-3.  The  field  structure  investigation 
shows  that  this  is  a  region  of  the  wave  mutation:  the  quasi-T 


wave  whose  field  is  essentially  concentrated  in  the  external 
region  transforms  into  the  wave  of  the  internal  region  of  CSIL 
2.  Ihe  similar  effects  were  found  [4]  for  the  waves  in  a  single 
CSIL.  It  has  been  shown  [5]  that  the  “interaction”  region  con¬ 
tains  the  so-called  Morse  critical  point 
Thus  physical  peculiarities  of  the  wave  propagation  in  coupled 
cylindrical  slot  lines  have  been  first  numerically  investigated 
through  a  rigorous  approach.  The  obtained  results  have  both 
theoretical  and  practical  value. 
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Abstract 

The  latest  developments  towards  the  fabrication  of  a  fully 
micromachined  1.6THz  mixer  arc  presented.  The  structure 
consists  of  a  Schottky  diode  contacted  by  an  electroplated  low 
parasitic  capacitance  post  integrated  into  an  air-filled 
micromachined  rectangular  waveguide. 


Introduction 

In  this  p^r,  work  towards  the  fabrication  of  a  1.6  THz  mixer 
structure  is  presented.  In  contrast  to  the  standard  approach  of 
enq>loying  a  machined  mixer  block  with  a  \iv4iisker  contacted 
Schottky  diode,  we  have  used  semiconductor  processing 
techniques  to  allow  the  fabrication  of  an  integrated  structure 
using  a  number  of  standard  processing  stages.  The  advantages 
of  this  s^proach  are  that  th^  structures  will  be  of  a  higher 
tolerance  than  those  produced  by  conventional  machining 
methods  and  should  therefore  yield  better  performance  and 
consistency. 

These  devices  have  possible  applications  for  detectors  in 
space-borne  astronomy  and  remote  sensing  instrumentation. 
The  possibilities  of  integrating  other  types  of  device  into  these 
micromachined  waveguides  make  it  theoretically  possible  to 
create  integrated  downconverters  and  detectors.  These  systems 
would  be  of  a  low  mass  and  size  and  would  be  of  a  high 
dimensional  tolerance.  Such  devices  would  therefore  be 
appropriate  for  use  in  satellite  systems. 


Fabrication 

Figure  1  shows  a  sectional  view  of  the  prototype 
detector/mixer  structure  displaying  its  important  features.  The 
waveguide  is  typically  173  microns  tall  and  140  microns  wide 
(quarter  height  waveguide). 

The  wavegtiide  is  fabricated  from  nickel  electroplated  onto  an 
evaporated  seed  layer  of  gold.  This  ensures  Aat  the  entire 
inner  surface  of  the  waveguide  is  fabricated  from  pure  gold. 
The  high  conductivity  and  non-oxidising  properties  of  gold 
ensure  optimal  performance  of  the  waveguide.  The  gold  layer 
is  of  a  thickness  of  several  skin  depths. 


Gallium  Anenide 


Fig.  1 :  Sectional  diagram  of  prototype  structure. 

The  structure  is  fabricated  using  the  following  process: 

1.  I>eposit  and  anneal  ohmic  contacts  onto  the  surface  of  the 
Gallium  Arsenide. 

2.  Fabricate  diode  and  platinum  post  by  electroplating  upon 
the  substrate  through  a  window  defined  in  a  thick  layer  of 
photoresist  that  was  spun  directly  onto  the  g^um 
arsenide  surface.  This  technique  results  in  structures  of  up 
to  20  microns  in  height  with  base  (and  device)  diameter  of 
less  than  a  micron.  The  resist  layer  is  then  removed. 

3.  Spin  and  bake  a  PMMA  based  electron  resist  onto  the 
sample. 

4.  Evirate  a  layer  of  gold  onto  the  sample  in  such  a  way 
that  the  top  of  the  platinum  structure  shadows  its  base, 
leaving  an  unmetallised  area  around  the  diode. 

5.  Expose  electron  resist  from  around  the  diode  in  a 
scanning  electron  microscope  and  develop  the  resist 
away.  Figure  2  shows  a  scanning  electron  micrograph  of 
the  structure  after  this  stage. 
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Hg.  2:  Electron  micrograph  of  a  free-standing  platinum 
structure  surrounded  by  an  electrically  isolated  gold  layer. 

6.  .  Spin  photoresist  to  thickness  of  17.5  microns,  expose  and 
develop  waveguide  shape  so  that  it  is  aligned  to  the 
platinum  structure 

7.  Deposit  a  seed  layer  of  gold  onto  the  photoresist 
waveguide  former  using  thermal  evaporation  from  a 
number  of  angles. 

8.  Plate  waveguide  with  nickel  and  remove  photoresist 
leaving  an  air-filled  rectangular  waveguide  with  an 
integrated  Schottky  diode. 

Hgure  3  shows  a  scanning  electron  micrograph  of  a  length  of 
rectangular  waveguide  made  by  this  method.  This  guide  is  140 
microns  wide  and  approximately  17J  microns  tall.  Further 
fabrication  details  are  given  in  [1]. 


Fig.  3:  Electron  micrograph  of  a  1.6  THz  integrated 
waveguide  and  linearly  tapered  antenna. 


The  waveguide  has  an  integrated  feedhom  structure  of  the 
type  proposed  by  Bowen  et  al.  [2]  and  the  other  end  of  the 
waveguide  has  been  left  open  for  the  purposes  of 
characterisation.  In  the  proposed  detector  design,  this  open  end 
is  replaced  by  a  ftxed  backshort  and  the  guide  is  positioned  so 
that  the  diode  is  situated  one  quarter  of  a  guide  wavelength  (63 
microns)  from  the  backshort  and  situated  on  the  plane  of 
symmetry  of  the  waveguide.  Interesting  work  has  been  done 
on  micromachined  sliding  backshorts,  for  example,  [3].  It  may 
be  possible  to  include  a  sliding  backshort  into  our  waveguide 
structures  thus  producing  tuneable  mixers. 


Conclusions 

It  Has  been  demonstrated  that  the  technology  exists  to  produce 
diodes  of  a  sub-micron  base  diameter  with  integrated  platinum 
mounting  structures  as  tall  as  17.5  microns.  This  mounting 
structure  has  a  greater  mechanic^  stability  than  conventional 
whisker-contacts,  making  it  attractive  .  for  .  space-borne 
applications.  The  tapered  platinum  post  should  result  in  a  low 
parasitic  capacitance  environment  for  the  diode,  hence  better 
mixing  performance.  Such  a  structure  has  been  successfully 
mounted  into  a  waveguide  and  experiments  are  underway  to 
characterise  the  performance  of  these  micromachined  devices. 
We  therefore  expect  to  be  able  to  assess  the  performance  of 
these  devices  in  the  near  future. 
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Abstract 

Preliminaiy  design  of  a  650  GHz  subbarmonically  pumped 
planar  Schotdcy-diode  mixer  has  been  carried  out.  The 
mixer  design  is  based  on  the  use  of  scaled  models.  Before 
the  implementation  of  the  final  mbcer,  2.5/5  GHz  and  5/10 
GHz  s^ed  models  as  well  as  a  216  GHz  mixer  wt  de¬ 
signed  and  tested. 

1.  Introduction 

Technology  for  the  next  centmy  remote  sensing  applica¬ 
tions  is  currently  being  developed  by  the  Europ>ean  Space 
Agency  (ESA).  In  many  space  based  receiver  ^plications 
technology  requiring  no  cryogenic  cooling  is  {xeferred 
Schotdcy-diode  mbcers  have  the  property  to  woric  well  at 
either  oyogenic  or  room  temperature.  The  use  of  planar  di¬ 
odes  aUows  easy  space  qualification  with  convenient  re¬ 
ceiver  design  and  assembly.  The  development  for  the  re¬ 
placement  of  whisker  contacted  Schottky  honeycomb  diodes 
by  planar  devices  has  been  going  on  fir  a  number  of  years. 
We  are  in  the  process  of  designing  216  GHz  and  650  GHz 
subharmonic  waveguide  mixers  based  on  a  quasi-vertical 
antiparallel  diode  pair  configuration  [1]. 

2.  Waveguide  Mount  Description 

The  mbcer  employs  a  modified  split-waveguide  mount  de¬ 
sign  [2],  which  has  been  successfully  applied  to  a  subhar- 
monically  pumped  planar  SchottkyAUc^e  mixer  [3].  The 
primary  modification  compared  to  the  original  design  is 
reduction  of  tire  number  of  sliding  backshorts  and  the  use  of 
a  bent  LO  waveguide.  Figure  1  shows  a  schematic  of  the 
mixer  mount  The  RF  signal  is  cotq>led  into  a  215  pm  x 
430  pm  (dimensions  are  fir  the  650  GHz  mixer,  dimen¬ 
sions  of  the  216  GHz  mbcer  are  obtained  by  scaling) 
waveguide  by  a  diagonal  feedhom  and  into  the  shielded  mi¬ 
crostrip  charnel  by  a  waveguide  to  microstrip  transition. 
The  RF  transition  utilizes  a  microstrip  line,  t^ch  extends 
across  and  beyond  the  input  RF  waveguide  allowing 
grounding.  The  LO  signal  is  fed  dirough  fee  bent  425  pm 
X  850  pm  waveguide,  fee  waveguide  to  microstrip  transi¬ 
tion  and  a  (]uartz  microstrip  LO  filter  to  fee  antiparallel 
quasi-vertical  Schottky-diode  pair.  The  width  and  height  of 
fee  shielded  microstrip  channel  are  120  pm  and  100  pm. 
The  quartz  substrate  is  1 10  pm  wide  and  50  pm  thick.  The 
EP  signal  leaves  fee  mbcer  through  an  IF  filter  followed  by 
an  SMA  connector.  The  IF  channel  microstrip  line  is 
bonded  to  the  main  strip  between  fee  waveguides. 


Sliding  backshorts 


Figure  1.  Schematic  drawing  showing  one  half  of  fee  sub¬ 
harmonic  mbcer  mount  (diagonal  feedhom  not  shown). 

3.  Mixer  Diodes 

The  subharmonic  mbcers  at  216  GHz  and  at  650  GHz  will 
utilize  a  quasi-vertical  planar  Schottky-diode  pair  in  an  an- 
tiparallei  configuration  (APD).  The  diodes  are  being  manu¬ 
factured  by  Technische  Hochschule  Darmstadt  (THD).  The 
chip  will  be  attached  onto  fee  cjuartz  substrate  by  using  flip- 
chip  technique.  The  anode  diameto'  is  0.8  pm  on  a  70  mn 
thick  epilayer  wife  doping  concentration  of  3-10'’  cm*’.  The 
diode  series  resistance  is  16  G,  ideality  fector  1.1,  satura¬ 
tion  current  lower  than  LIO*'*  A  and  a  zero  bias  junction 
capacitance  1.2  fF.  The  feickness  of  fee  remaining  semi- 
insulating  GaAs  substrate  is  reduced  to  10-15  pni  in  order 
to  lower  fee  contribution  to  fee  parasitic  capacitance.  This 
diode  chip  will  be  used  in  bofe  mbcers  (216  GHz  and  650 
GHz).  If  feere  is  a  need  for  furfeer  reduction  of  fee  parasitics, 
fee  GaAs  substrate  will  be  entirely  removed  after  soldering 
fee  diode  onto  fee  microstrip. 

4.  Transition  and  Filter  Design 

The  waveguide  to  microstrip  transitions  and  fee  IF  and  LO 
filters  were  designed  using  fee  2.5/5  GHz  scaled  model. 
EM-simulations  were  also  carried  out  in  order  to  verify  de¬ 
embedding  impedffices  at  discrete  fiequencies  and  to  find 
out  transmission  line  impedances  in  fee  shielded  microstrip 
charmel.  Hewlett  Packards  High  Frequency  Structure  Simu¬ 
lator  (HFSS)  and  an  FDTD  analysis  program  in  APLAC  (a 
tool  for  circuit  simulation  developed  by  Helsinki  University 


T3.3 


135 


of  Technology  and  Nokia  Corporation)  wctb  used  for  EM- 
simulations. 

For  the  LO  transition,  a  SO  transmission  line  was  used. 
The  width  of  the  50 12  line  was  determined  by  HFSS.  The 
transition  was  optimized  by  changing  die  length  of  die 
transmission  line  over  the  LO  waveguide  and  the  backshort 
position.  The  first  step  in  optimizing  die  RF  transition 
was  to  change  the  width  of  the  transmission  line  across  die 
RF  waveguide.  Further  optiihization  was  done  by  changing 
die  widdi  of  die  transmission  line  beyond  the  RF 
waveguide.  In  diis  way,  wideband  transitions  were  ob¬ 
tained.  A  bandstop  filter,  which  emploies  bent  X/4  stubs, 
is  used  for  RF  and  LO  rejection.  The  lenghts  and  the  num¬ 
ber  of  the  stubs  were  optimized  to  obtain  the  desired  rgec- 
tioii  at  stopband.  With  this  filter  structure,  high  rejection  is 
^ily  obtained  over  a  wide  band.  The  entire  mixer  structure 
is  shown  in  Figure  2. 

5.  Scaled  Mixer  at  10  GHz 

A  10  GHz  mixer  has  been  designed  and  preliminary  meas¬ 
urements  have  been  done.  GaAs  beam-lead  Schottky  diodes 
have  beai  implemented  in  the  mixer.  Diode  parameters  are 
given  in  Table  1  with  corresponding  impedance  values  at 
10  GHz.  The  diodes  wae  chosen  so  that  the  impedance 
values  of  the  parameters  would  match  as  well  as  possible  to 
those  of  tile  650  GHz  mixer  diode.  The  diodes  were  placed 
onto  the  microstrip  in  antiparallel  configuratirm.  Harmonic 
balance  analysis  in  Hewlett  Packard's  .Microwave  Design 
System  (MDS)  was  used  in  order  to  find  out  flie  diode  de- 
mnbedding  impedances  for  minimum  conversion  loss.  After 
determination  of  the  de-embedding  impedances,  a  mixer 
circuit  was  designed.  Two  bonding  wires  were  used  in  or¬ 
der  to  connect  tiie  IF  channel  to  the  coaxial  connector  and 
to  file  main  strip.  The  diodes  were  placed  near  the  RF  tran¬ 
sition  in  order  to  minimize  signal  losses.  The  measured 
conversion  loss  versus  the  scaled  IF  fiequency  is  shown  in 
Figure  3.  According  to  the  preliminary  measuremoits,  a 
scal^  IF  bMdwidth  of  more  tiian  40  GHz  is  achievable.  In 
tile  simulation  of  the  10  GHz  mixer,  the  LO  power  was  10 
dBm.  Measured  LO  and  RF  return  losses  were  over  1 1  dB 
and  over  13  dB  at  10  dBm  LO  power. 

Table  1.  Parameters  of  the  beamlead  diode. 

Series  resistance  R,  10  £2 

Zero  junction  capacitance  Cjo  0.13  pF  (122  £2) 

Parasitic  capacitance  C*  0.14  pF  (1 14  £2) 

(pBtkagt) 

Parasitic  mductance  I*  0.6  nH  (38£2) 

(package) 

Idealhy&ctor  r/  1.18 

Saturation  current _ 4 _ 4.46- 10'”  A 


Figure  2.  Mixer  circuit 
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Figure  3.  Conversion  loss  vs  scaled  IF  fi-equency. 

6.  Conclusion 

Preliminary  design  of  a  subharmonic  mixer  at  millimeter 
and  submillimeter  fiequencies  has  been  carried  out  by  simu¬ 
lations  and  scaled  model  measurements.  According  to  the 
scaled  model  measurements,  a  broadband  low-amversicm- 
loss  subharmonic  mixer  at  650  GHz  can  be  achieved.  This 
compact  mfacer  structure  can  be  scaled  even  fir  higher  fio- 
quencies. 
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Abstract 

An  optically  controlled  modulator  which  has  a  metal 
strip  grating  on  a  low  doped  silicon  plate  and  an  external  electric 
field  implied  between  the  strips,  has  been  developed  as  a  quasi- 
optical  high-speed  modulator  for  millimeter  and  submillimeter 
wavelengths.  The  experiments  performed  at  frequencies  around 
56  GHz  have  shown  that  the  maximum  modulation  frequency  in 
the  inductive  metal  strip  modulator  can  be  increased  from  4  kHz 
to  37  kHz  by  applying  only  13  vol^  to  the  strips- 

Introduction 

An  optically  controlled  modulator  using  a  metal  strip 
grating  on  a  silicon  plate  has  been  developed  as  a  quasi-optical 
component  for  millimeter  and  submillimeter  wavelengths  [1). 
In  the  metal  strip  (MS)  modulator,  laser  light  excites  free  carries 
in  silicon  at  gaps  between  the  metal  strips  and  changes  an 
effective  refractive  index  n  of  the  silicon  plate  (Hg.  1).  Since  the 
transmission  property  of  the  metal  strip  grating  strongly 
depends  on  n  (21,  the  transmittance  and  reflectance  of  the  MS- 
modulator  are  largely  changed  with  the  laser  illumination.  An 
external  electric  field  applied  to  the  metal  strip  gaps  quickly 
sweeps  out  the  free  carriers  from  the  silicon  plate,  and 
consequently  increases  the  time-response  speed  of  the 
modulator.  In  principle,  a  modulation  frequency  of  the  order  of 
GHz  is  available  for  the  MS-modulator  even  with  a  low  doped 
silicon  plate  (p-10  kQ  cm).  This  is  because  the  maximum 
modulation  frequency  is  limited  not  by  a  low  inherent 
relaxation  rate  of  free  carriers  in  low  dc^sed  silicon  [3],  but  by  a 
higher  ratio  of  a  saturation  velocity  of  the  carriers  in  silicon  to 
the  gap  width.  In  this  paper,  the  theoretical  and  experimenul 
results  obtained  at  millimeter  wavelengths  are  reported  to  show 
the  feasibility  of  the  MS-modulator. 

Experimental  Setup 

Figure  1  shows  the  experimental  setup  of  a  MS- 
modulator  with  a  silicon  tuning  plate.  The  MS-modulator  has  a 
strip  grating  with  a  pitch  of  1 .7  mm  and  a  gap  width  of  0.87  rrun. 
The  thickness  of  the  low  doped  silicon  plate  is  1  mm.  The 
modulator  is  placed  between  the  transmitting  and  receiving 
horns  and  illuminated  by  a  laser  diode.  The  laser  has  a 
wavelength  of  880  nm,  a  pulse  energy  of  2  and  a  pulse  width 
of  100  nsec.  The  DC  and  pulsed  metal  strip  voltages,  were 
used  and  changed  from  zero  to  IS  V.  The  silicon  tuning  plate 
was  used  to  maximize  the  transmittance  of  the  MS-modulator. 


Due  to  the  configuration  of  the  experimental  setup,  only 
transmittances  of  the  modulator  were  measured.  In  the 
experiments,  both  inductive  and  capacitive  metal  strip 
configurations  were  used,  and  a  silicon  plate  without  metal 
strips  was  tested  for  comparison. 

Experimental  Results 

Figure  2  shows  the  measured  time  responses  of  the 
inductive  metal  strip  (IMS)  modulator  for  0, 1,7, 4.3,  and  13 
V  in  DC  at  57  GHz.  In  Hg.  3,  the  minimum  dip  indicates  that  the 
transmittance  of  the  modulator  has  decreased  by  6.8  %.  When 
Vg  increases  from  zero  to  13  V,  the  recovery  time  t^  (for  10%- 
90%  variation)  decreases  from  114  psec  to  12  fisec.  In  the 
response  curve  for  Vg- 0  V,  the  long  recovery  time  results  from 
slow  relaxation  of  the  fiee  carriers  in  the  low  doped  silicon  plate. 
The  experimental  results  show  that  the  maximum  modulation 
frequency  (=0.44//^)  of  the  modulator  can  be  increased  from  4 
kHz  to  37  kHz  by  applying  Vg  of  only  13  V  to  the  metal  strips. 

For  an  optically  controlled  semiconductor  modulator, 
modulation  efficiency  and  a  time  response  speed  generally  have 
a  trade-off  relationship  [3].  Therefore,  a  faster  the  response 
speed  results  in  a  lower  the  modulation  efficiency.  Actually,  it  is 
seen  from  the  results  shown  in  Fig.  2  that  the  peak  modulation 
degree  for  V^=  13  V  has  decreased  by  13  %  compared  to  that  for 
V^=0V. 

Figure  3  shows  the  measured  maximum  modulation 
degree,  M,  and  recovery  time,  t^  in  the  capacitive  metal  strip 
(CMS)  modulator  for  pulsed  metal  strip  voltages,  Vg,  at  57  GHz. 
For  comparison,  the  results  measured  for  DC  strip  voltages  are 
also  indicated  in  the  same  figure.  The  pulse  voltages  have  a 
square  wave  form,  an  amplitude  of  and  a  duration  of  80  lisec, 
and  were  applied  to  the  strips  1  psec  after  the  laser  pulse. 

Figure  3  shows  that  the  DC  and  pulse  strip  voltages  have 
a  similar  effect  to  decrease  the  recovery  time  for  the  CMS- 
modulator.  For  the  DC  strip  voltages,  the  modulation  degree 
decreases  when  Vg  increases  and  is  0.7  at  Vg-  8  V.  In  contrast, 
the  modulation  degrees  for  the  pulse  strip  voltages  are  almost 
constant  for  up  to  8  V.  These  experimental  results  show  that 
the  MS-modulator  can  overcome  the  trade-off  between  the 
modulation  efficiency  and  time  response  speed  by  using  a 
voltage  pulse  synchronized  with  the  laser  pulse. 

Figure  4  compares  the  peak  modulation  degrees,  M,  for 
the  IMS-,  CMS-,  and  silicon  (Si)-modulators  measured  at 
between  52  GHz  and  60  GHz.  The  theoretical  calculations  for  M 
were  done  using  a  simple  transmission  line  model,  assuming  a 
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lumped  resistance  for  an  optically  generated  plasma  layer  in  the 
modulators.  The  theoretical  modulation  degrees  are  also 
indicated  in  Fig.  4.  The  experimental  results  show  that  the 
modulation  degree  for  the  IMS-modulator  is  about  three  times 
grater  than  that  for  the  Si-modulator  at  around  57  GHz,  which  is 
caused  by  a  resonant  effect  occurring  in  the  metal  strip  grating 
[4]. 

Conclusion 

Two  important  features  of  the  metal  strip  modulator 
have  been  demonstrated  in  the  millimeter  wave  frequency 
region;  increased  modulation  efficiency  compared  to  a  silicon 
modulator  without  the  metal  strips,  and  externally  controllable 
time-response  speed  of  modulation.  These  results  show  that  the 
metal  strip  modulator  is  a  potentjal  high-speed  modulator  at 
millimeter  and  submillimeter  wavelengths. 
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Fig.  1  Experimental  configuration  of  the  MS-modulator. 
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Fig.  2  Oscilloscope  traces  of  the  ac-components  of  the  trans¬ 
mission  signals  for  the  IMS-modulator  measured  for 
different  metal  strip  voltages  V,  of  0, 1.7, 4.3,  and  13  V 
at  57  GHz.  The  lowest  trace  is  for  =  0  V. 
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Fig.  3  Measured  normalized  maximum  modulation  degree  M  Fig.  4  Comparison  of  the  maximum  modulation  degrees  of 
and  recovery  time  for  the  CMS-modulaior  as  a  the  IMS-,  CMS-,  and  Si-modulators  as  a  function  of 

function  of  the  metal  strip  voltage  Vg  in  DC  and  pulse  at  frequency. 

57  GHz. 
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Abstract 

We  have  studied  the  I-V  characteristics  of  metal - 
insulator- metal  (MIM)  diodes  and  metal  (MC)  contacts 
at  low  and  at  laser  frequency.  For  both  configurations  the 
characteristics  appear  to  be  independent  of  frequency.  The 
MC  contacts  are  usually  slightly  more  effective  as  mixers 
than  MIM  diodes  with  the  exception  of  W  -  W  contacts. 

Introduction 


Metal*  insulator -metal  diodes  have  been  used  frequently 
as  mixers  and  detectors  as  well  as  harmonic  generators  of 
submillimeter,  infrared  and  visible  laser  radiation  [?].  The 
fast  and  nonlinear  response  of  these  diodes  have  been  at¬ 
tributed  to  electron  tunneling  in  the  insulating  layer.  Elec¬ 
tron  tunneling  through  a  thin  insulating  layer  between  two 
metals  has  been  studied  theoretically  and  experimentally 
since  1930  starting  with  the  work  of  Frenkel  [?]. 

MIM  diodes  consist  of  three  essential  parts:  1)  an  ultra 
fine  metal  tip  prepared  by  electrochemical  etching  (tip  di¬ 
ameter  about  100  nm)  which  is  called  whisker,  2)  a  metal 
base,  usually  a  monocrystal  and  3)  a  barrier  region  located 
between  the  whisker  tip  and  the  base.  The  barrier  region 
is  an  oxide  layer  which  grows  naturally  on  the  base  af¬ 
ter  being  exposed  to  air.  Various  aspects  of  MIM  diodes 
have  been  investigated  both  theoretically  and  experimen¬ 
tally  (see  e.g.  [7,  ?]  and  references  therein).  In  contrast  to 
the  turbulent  development  of  MIM  diodes  as  experimen- 
taUy  interesting  physical  tools,  the  understanding  of  their 
physical  nature  is  still  quite  modest.  It  is  surprising  to  see 
that  when  the  scarce  attempts  to  come  to  a  quantitative 
comparison  between  theory  and  experiment  are  reviewed, 
one  must  conclude  that  the  results  are  often  inconclusive 
and  at  times  even  contradictory.  In  the  course  of  our  ex¬ 
periments  we  found  that  it  is  quite  well  possible  that  this 
situation  has  occurred  because  throughout  the  MIM  liter¬ 
ature  the  presence  of  MC  contacts  has  been  ignored.  In 
this  respect  it  is  worth  noting  that  in  our  experience  about 
60%  of  the  contacts  realized  in  practice  arc  of  the  MC  type. 
For  metal  contacts,  in  the  absence  of  an  insulating  layer, 
one  can  observe  qualitatively  the  same  features  as  in  MIM 
diodes  concerning  laser  frequency  mixing.  The  main  ex¬ 


perimental  difference  is  that  the  resistance  increases  with 
bias  voltage,  whereas  in  MIM  diodes  it  decreases. 

Results 

Point  contacts  like  MIM  diodes  are  notably  unstable.  Fur¬ 
thermore,  the  main  properties  of  the  junctions  as  the  con¬ 
tact  area,  the  thickness  of  the  oxide  layer  or  the  potential 
parameters  of  the  barrier,  are  only  ^proximately  known. 
This  makes  it  extremely  difficult  to  perform  systematic  and 
reliable  measurements  of  the  I-V  characteristic  of  the  diode 
and  its  response  to  laser  radiation.  Hierefore,  it  is  essen¬ 
tial  to  use  a  measuring  circuit  which  1)  is  simple  enough  to 
give  accurate  and  reliable  results  without  much  calibration 
work,  2)  is  fast  enough  to  measure  the  I-V  curve  and  the 
mixing  properties  before  any  change  due  to  instability  can 
occur,  3)  does  not  introduce  any  spurious  nonlinearity  due 
to  the  electronic  elements  used  in  the  circuit  and  4)  makes 
it  possible  to  measure  the  required  properties  at  low  and 
high  frequency  simultaneously.  The  latter  may  shed  light 
on  a  possible  correlation  between  the  characteristics  of  a 
contact  at  low  and  at  high  frequency.  These  experimental 
requirements  were  fulfilled  for  the  measurements  described 
below  (see  also  ref.  [?]). 

In  the  experiment  we  focused  on  the  study  of  the  nonlin¬ 
earity  in  the  I-V  characteristic  as  a  source  of  information 
of  the  fundamental  properties  of  the  junctions.  Therefore 
we  measured  the  nonlinearity  at  low  and  at  laser  frequen¬ 
cies.  This  has  been  done  by  simultaneously  measuring  the 
second  harmonic  of  a  low  frequency  (600  Hz)  signal,  the 
amplitude  of  the  mixing  signal  at  the  beat  frequency  of  two 
CO2  lasers  operated  at  slightly  different  frequency,  the  dc 
(rectified)  voltage  of  the  laser  signal  and  the  resistance  of 
the  junction.  These  quantities  have  been  measured  as  a 
function  of  bias.  To  investigate  the  influence  of  the  work 
functions  on  the  mixing  properties,  we  used  combinations 
of  metals  with  a  sufficiently  large  variety  in  work  function. 
The  whisker  materieJ  was  always  tungsten,  whereas  the 
base  was  chosen  from  crystals  of  W,  Ni,  Co  and  Ta.  All 
measurements  have  been  carried  out  under  atmospheric 
conditions. 

The  results  of  the  experiments  can  be  summarized  as  fol¬ 
lows.  For  MIM  diodes,  where  the  resistance  R  decreases 
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with  bias  voltage,  we  find  that  the  low  frequency  nonlin¬ 
earity  defined  as 

dluR 

^  =  "“dvT 

is  proportional  to  the  mixing  and  rectification  signals  of 
the  lasers  for  all  contacts.  For  MC  contacts  we  find  a  sim¬ 
ilar  result,  except  that  here  the  resistance  increases  with 
biais  voltage.  The  variation  of  e.g.  the  mixing  signal  at  low 
bias  can  hardly  be  distinguished  for  the  two  configurations. 
The  main  difference  between  the  two  is  that  the  nonlinear¬ 
ity  of  MIM  diodes  shows  a  maximum  at  around  0.2  V  bias, 
whereas  for  MC  contacts  the  nonlinearity  tends  to  increase 
monotonously  in  the  range  investigated.  Furthermore,  it 
should  be  noted  that  the  rectified  signal  for  MIM  diodes 
and  MC  contacts  have  different  signs.  Another  interesting 
difference  is  that  W  -  W  contacts  hardly  show  a  nonlinear 
behavior  in  MC  contacts  but  perform  very  good  as  MIM 
diodes.  In  terms  of  contact  stability  and  the  value  of  P 
at  maximum,  MIM  diodes  made  up  of  W- W  are  superior 
to  the  other  metal  combinations,  whereas  for  MC  contacts 
this  role  is  taken  over  by  W-  Ni  junctions.  As  a  rule,  the  re¬ 
sistance  of  MIM  diodes  is  higher  than  that  of  MC  contacts 
for  obvious  reasons.  Nevertheless,  both  types  can  be  found 
with  a  resistance  in  the  order  of  100  f2,  which  shows  that 
a  low  resistance  is  not  a  commensurate  with  a  MC  contact 
and  that  in  general  a  jimction  may  even  be  regarded  as  a 
parallel  circuit  of  MIM  and  MC  contacts. 

For  MC  contacts  the  nonlinear  response  originates  for  a 
large  part  from  heating  of  the  contact  by  the  bias  voltage. 
This  has  been  clearly  demonstrated  by  measurements  re¬ 
ported  in  ref.  [?].  Theoretical  studies  of  electric  contacts 
by  Holm  [?]  show  a  reasonable  qualitative  and  quantitative 
agreement  with  our  experimental  results.  The  very  weak 
nonlinear  signal  for  W -  W  contacts  can,  however,  not  be 
explained.  The  response  time  of  these  contacts  can  be  esti¬ 
mated  from  the  heat  capacity  per  volume  and  the  thermal 
conductivity  of  the  metals  and  the  diameter,  a,  of  the  con¬ 
tact.  Withr  «  (Cp  a^)/t,  r  rangesfrom  10*'®  to 
For  MIM  diodes  a  comparison  with  theory  is  much  more 
complicated.  In  tunneling  theory  the  contact  is  modeled  as 
a  potential  barrier  between  the  whisker  tip  and  the  metal 
base,  through  which  the  electron  transport  can  take  place. 
The  nonlinearity  of  the  I^V  characteristic  is  explained  in 
terms  of  the  work  function  difference  of  the  contacted  met¬ 
als,  their  separation  and  the  applied  bias  voltage.  The 
diode  resistance  is  expected  to  decrease  monotonously  as 
the  bias  voltage  increases.  The  amplitude  of  the  mixing 
signal  should  vary  with  the  combinations  of  contacted  mar 
terials,  depending  on  the  difference  of  their  work  functions. 
In  the  experiment  we  did  not  observe  an  influence  of  the 
(vacuum)  work  functions  on  the  shape  and  symmetry  of 
the  nonlinearity  as  a  function  of  bias  voltage,  which  should 
be  expected  according  to  the  theoretical  description  [?].  It 
suggests  that  the  potential  barrier  is  mainly  determined  by 
the  oxide  layer  on  the  metal  surface.  Further,  the  maxi¬ 
mum  in  the  nonlinearity  can  not  be  reproduced  from  theory 
for  any  set  of  reasonable  potential  parameters.  This  situ¬ 


ation  changes  when  one  takes  into  account  the  heating  of 
the  contact  by  the  bias  voltage,  analogous  to  the  situation 
in  MC  contacts.  When  this  effect  is  included,  a  good  agree¬ 
ment  can  be  found  between  theory  and  experiment.  The 
response  time  of  these  junctions  has  been  estimated  (for 
diodes  of  similar  metals)  from  «  10*'®s  [?), 

where  Ep  is  the  Fermi  energy  and  ^  is  the  work  function 
of  the  contacted  metals.  In  practice  the  response  time  is 
determined  by  the  RC  time  of  the  diode:  10*'^  to  10* '^s. 
The  theory  describing  electron  transport  in  MC  junctions 
is  quite  different  from  the  tunneling  theory  as  commonly 
in  use  for  MIM  diodes  (for  a  review  see  ref.  [?]).  Therefore, 
serious  errors  in  the  interpretation  can  be  made  when  it  is 
not  a  priori  clear  what  type  of  contact  has  been  studied. 
This  problem  can  only  be  avoided  when  the  measurements 
combine  low  frequency  (for  the  resistance)  as  well  as  high 
frequency  (mixing)  experiments.  Preferably  these  should 
be  carried  out  simultaneously  as  one  type  of  contact  may 
change  to  the  other  during  an  experiment. 
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Abstract 

Detectors  based  on  intersubband  transitions  in  quantum  wells 
have  great  potential  for  use  between  one  and  several  Terahertz. 
We  propose  a  tunable,  antenna-coupled,  intersubband  Terahertz 
(TACTT)  detector  that  is  bodi  sensitive  and  fast,  widi  a  speed 
limited  only  by  the  intersubband  relaxadqn  rate  (Ins  at 
T=I0K,  <10ps  at  T=50K).  The  detector  is  sensitive  over  a 
narrow  range  of  frequencies,  and  the  frequency  of  peak 
absorption  can  be  tuned  by  applying  a  bias  voltage  to  the 
device. 

Discussion 

Intersubband  transitions  in  quantum  wells  have 
enabled  the  development  of  sensitive  quantum  well  infrared 
plmtoconductors  (QWIPs)  at  wavelengths  shorter  than  20 
microns.  The  potential  of  quantum  well-based  detectors  at 
wavelengths  of  order  100  |im  (3  Terahertz)  has  not  been 
realized.  We  propose  a  novel  tunable  antenna-coupled 
intersubband  Terahertz  (TACTT)  detector. 

TACIT  detectors  can  be  patterned  from  a  variety  of 
quantum  well  heterostructures.  One  prototype  TACIT  detector 
is  patterned  from  the  GaAs/AlGaAs  asymmetric  double  square 
quantum  well  structure  grown  by  molecular  beam  epitaxy 
(MBE)  shown  in  Fig.  1.  The  asynunetry  of  the  double 
quantum  well  sq>arates  the  odierwise-degenerate  ground 
subband  energy  level  into  two  closely-spaced  energy  levels, 
with  the  next  energy  level  sufficiently  Ugher  in  energy  that 
the  system  can  be  safely  modeled  as  a  two-level  system. 
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Fig.  1  Schemadc  of  one  GaAs/Alo.3Gao.7As  hetcrostructure 
used  for  a  prototype  TACIT  detector.  The  dotted  lines  are  a 
sketch  of  the  subband  energy  levels. 

Terahertz-frequency  light  incident  on  the  detector 
excites  electrons  in  the  channel  quantum  well  structure  from 


the  first  to  the  second  subband.  The  device  is  sensitive  to  a 
narrow  band  of  frequencies  centered  on  die  d^larizadon- 
shifted  and  DC  Sta^-shifited  intersubband  transition  frequency. 
Fig.  2  shows  the  frequency-dqiendent  abstHption  measu^  for 
the  asymmetric  double  quantum  well  depicted  in  Hg.  1. 


50  60  70  80  90  100  110  120  130 

Frequency  (1/cm) 

Fig.  2  Attenuation  measured  as  a  function  of  frequency  for  the 
heterostructure  shown  in  Fig.  1 

The  heterostructure  also  has  another  quantum  well 
below  the  channel  for  a  back  gate.  The  intersubband 
absorption  frequency  can  be  tuned  by  applying  a  bias  voltage 
between  the  front  and  back  gate  contacts  of  the  device.  The 
bias  voltage  tilts  the  quantum  wells  and  changes  the  subband 
energy  spacing.  In  this  manner,  the  frequency  of  maximum 
absorption  for  one  heterostructure  could  be  changed  by  a  factor 
of  1.6  with  a  bias  voltage  of  order  IV,  shown  in  Fig.  3. 

Other  structures  are  tunable  over  different  ranges,  such  as  1.2- 
4.2THz  demonstrated  by  Hopkins  eL  al.  in  a  logarithmic 
wcll.[4) 

A  planar  metal  antenna  pattern  on  the  surface  of  the 
device  couples  the  Terahertz  radiation  into  the  device.  One  leaf 
of  the  antenna  makes  contact  to  the  back  gate,  and  the  other 
leaf  serves  as  a  Schottky  front  gate.  Two  ohnuc  contacts  to 
the  channel  quantum  wells  allow  a  current  to  be  passed 
through  the  active  region. 

When  Terahertz  radiation  is  incident  on  the  device, 
the  planar  metal  antenna  couples  the  oscillating  electric  field 
from  free  space  to  the  heterostructure,  with  the  field 
polarization  perpendicular  to  the  plane  of  the  quantum  wells. 
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Bias  Voltage  (V) 

Rg.  3  The  frequency  of  peak  absorption  can  be  tuned  by 
applying  a  bias  voltage  to  the  detector  beterostructure. 

Electrons  in  the  channel  quantum  wells  absorb  the  far  inlmed 
radiation,  exciting  them  ^m  the  first  to  the  second  energy 
level.  The  channel  electrons  then  have  an  increased 
temperature,  which  changes  their  mobility  and  hence  the 
resistance  of  the  channel.  A  current  is  applied  to  the  active 
area  through  the  source  and  drain  contacts,  and  the  change  in 
resistance  is  detected  in  the  source-drain  voltage. 


Front  Gate  Drain  Back  Gate 
Antenna  Leaf  Antenna  Leaf 


Channel 


Quantum  Front  Gate  Back  Gate  Back  Gate 


equivalent  power  (NEP)  of  2x10-16  W/Hzl^  operating  at  lOK 
at  frequencies  below  a  comer  frequency  of  2.6THZ.  Such  a 
device  would  have  feasible  device  parameters,  such  as  an 
electron  sheet  density  of  SxloUlcm-^  and  an  active  area  size  of 
lOjim^.  Fot  comparison,  composite  bolometers  have  been 
reported[3]  with  NEP’s  of  order  10-16  w/Hzl^  at  SOOmK 
but  with  a  time  constant  of  1  Itns.  TAOT  detectors  can  have 
a  much  faster  response  than  composite  bolometers.  Also, 
TACIT  detectors  are  also  easily  tunable,  v^ch  allows  tb^  to 
be  used  in  a  wider  array  of  api^cations,  including  to  record 
plectra  without  the  use  of  a  big  bull^  Electrometer  in  certain 
situations,  TACIT  detectors  are  expected  to  compare  favorably 
with  the  superconducting  hot  electron  bolometers  in  speed  and 
sensitivity.  A  difiiision-cooled  superconducting  hot  electron 
bolometer  with  a  0.04itm2  active  area  has  been  demonstrated 
in  a  waveguide  mixer  to  have  a  receiver  noise  temperature  of 
650K  and  a  1.7GHz  intermediate  fiequency(IF)  bandwiddi.[4] 
With  the  addition  of  a  suitable  local  oscillator,  the  TACIT 
detector  can  also  be  operated  as  a  mixer  with  a  multi-GHz  IF 
bandwidth  expected  at  T=S0K. 

Currently,  prototype  TACIT  detectors  are  being 
made,  with  an  electron  sheet  density  of  order  IxlQ-l  Icm^  and 
an  lOCHun^  active  area. 

This  work  has  been  supported  by  the  NSF  Science  and 
Technology  Center  for  Quantized  Electronic  Structures 
(QUEST)  DMR  91-20007,  NSF  DMR  9623874,  AFOSR91- 
0214,  NPSC  (CC),  and  the  Ford  Foundation  (GB). 
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Fig.  4  Top-down  and  cut-away  views  of  a  TACIT  detector. 
Ohmic  contacts  electrically  connect  the  back  gate  antenna  leaf 
with  the  back  gate  quantum  well,  and  the  source  and  drain 
contacts  to  the  channel  quantum  wells. 


The  speed  of  the  TACIT  detector  is  limited  only  by 
the  excited  subband  lifetime,  or  energy  relaxation  rate,  which 
is  about  1  nanosecond  at  a  temperature  of  lOK  and  less  than 
10  picoseconds  at  T=50K.(2]  The  detector  sensitivity  can  be 
computed  by  modeling  the  device  as  a  hot  electron  bolometer. 
In  such  a  m^el,  a  TACIT  detector  could  theoretically  be  made 
to  have  background  limited  performance  (BLIP)  with  a  noise- 
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Abstract 

Large  sized  CVD  diamond  discs  (close  to  4"  diameter  and 
2  mm  duckness)  were  studied  in  open  resonator  systems  for 
dielectric  parameter  measurements  at  15*20  GHz,  32-42  GHz 
and  145  GHz.  Distinct  differences  in  the  dielectric  loss  tan¬ 
gent  were  found  depending  on  the  contribution  of  the  growth 
and  nucleation  face  as  well  as  on  the  disc  area  seen  by  the 
mm-wave  beam.  On  average,  tan5  reaches  the  10"^  level  at 
145  GHz. 

The  role  of  CVD  diamond 
for  high  power  gyrotron  windows 
Plasma  heating  and  current  drive  in  the  next  generation  fusion 
devices  (ITER,  Wendelstein-X)  by  electron  cyclotron  wave 
(ECW)  systems  call  for  gyrotrons  which  provide  mm-waves 
(90-180  GHz)  in  continuous  wave  operation  at  a  Megawatt 
level.  As  a  critical  issue,  it  became  evident  that  the  gyrotron  out¬ 
put  windows  were  the  limiting  components  unless  cryogenic 
cooling  schemes  provided  for  the  existing  window  materials 
the  required  combination  of  low  dielectric  losses  and  of  high 
resistance  against  thermal  crack  formation  [1].  In  parallel 
with  the  development  of  cryogenically-cooled  sapphire 
windows,  alternative  concepts  which  conceived  specially 
developed  materials  in  conventional  cooling  scenarios  were 
pointed  out  and  persued  from  a  materials  point  of  view  [2]. 
Outstanding  potentials  are  found  in  high  resistivity  silicon 
and  CVD  diamond  because  of  their  homopolar  structure  [3]. 
While  the  loss  mechanisms  in  silicon  are  related  to  intrinsic 
and  extrinsic  free  charge  carriers,  no  dominating  mechanism  is 
perse  evident  in  diamond.  The  advent  of  large  diamond  discs 
through  the  CVD  processes  [4,5]  and  the  identification  of  low 
loss  grades  [6-8]  have  stimulated  the  high  power  window 
development  opening  the  path  to  first  actual  size  test  windows. 

Experimental  set-up 

The  established  open  resonator  method  is  used  to  determine 
the  dielectric  properties  at  mm-wave  frequencies  covering 
three  different  frequency  ranges  by  three  individual  (quasi-) 
hemispherical  Fabry-Perot  resonator  installations.  The 
dielectric  loss  tangent  (tanS)  is  obtained  by  Q-factor 
measurements  using  Gaussian  TEM^.,  modes.  For  spatially 
varying  losses,  the  rq>parent  value  arises  from  an  integration 
of  the  loss  over  the  disc  plane  weighted  by  the  lateral  beam 
profile  and  over  the  disc  axis  weighted  by  the  field 
distribution  in  the  material  (contribution  of  the  faces).  The 
effective  lateral  beam  diameter  was  determined  to  be  6  mm 
for  a  specially  optimised  145  GHz  set-up  [9]  and  about 
25  mm  for  a  35  GHz  resonator. 


Characteristics  of  4"  test  windows 

Two  discs  -  'JAERI'  uniform  white)  and  T2nC' 

(lapped,  grey  widi  dark  shadows)  -  were  studied  in  different 
production  states  (extension  (a),  (b)).  State  (b)  was  achieved 
from  state  (a)  by  subsequently  removing  material  mainly 
from  the  nucleation  frees.  In  contrast  to  the  'FZK'  disc  the 
loss  tangent  values  for  die  'JAERI'  disc  were  in  general 
lowered  by  the  diickness  reduction  (Tab.l).  The  orientation 
effect  in  the  'FZK'  disc  was  stitmgly  superimposed  by  bulk 
losses.  But  in  every  disc  and  state,  tanS  at  35  GHz  and 
145  GHz  values  for  'growth  free  oriented  into  the  resonator' 
are  lower  than  for  the  other  orientation.  Different  loss 
mechanisms  seem  to  be  relevant  at  15  GHz.  In  a  third  disc  - 
'EVALUATION'  (0.6  mm  thick,  polished  to  optical  grade),  a 
low  tanS,  at  145  GHz  was  determined:  0.5- 1 


tan5[10*‘] 

15  GHz 

35  GHz 

145  GHz 

JAERI(a) 

growth 

14 

4 

1.8 

t  =  2,41  mm 

nucleation 

3 

4.5 

1.8 

JAERI(b) 

growth 

12 

2 

1.3 

t  =  244  mm 

nucleatioi] 

0.9 

2.8 

1.7 

FZK(a) 

growth 

- 

13 

5 

t  =  2.74  mm 

nucleation 

- 

16 

7 

FZK(b) 

growth 

- 

12 

5 

t~2.IS  mm 

nucleatioD 

- 

16 

7 

Tab.  1  Results  from  tanS  measurements  at  the  centre  of  the 
discs,  ('nucleation'  and  'growth'  indicate  the  face  that 
was  oriented  into  the  resonator  during  die  test). 


Mapping  of  dielectric  loss 
To  analyse  the  radial  homogeneity  of  the  dielectric  loss  in 
large  discs  spatially  resolved  measurements  were  performed 
at  35  and  145  GHz.  As  an  example  the  results  from  the 
inhomogeneous  'FZK'  disc  are  shown  in  Fig.l.  The  level  of 
the  tosses  goes  along  with  the  colour  of  the  disc.  With  an 
additional  line  scan  along  die  y-direction  in  1  mm  steps  die 
results  from  the  mappmg  were  reproduced  (Fig.2a).  With  two 
succeeding  'TEM-m^es  the  inhomogeneity  of  loss  tangent 
along  the  x-direction  was  verified  (Fig2b).  Also  an 
inhomogeneous  tanS  distribution  (0.6  -  1.610**)  was  found  in 
the  uniform  white  'JAERI'  disc  and  verified  with  infrared 
mapping  of  the  temperature  rise  in  the  disc  exposed  to  high 
power  mm-waves  (170  GHz,  170  kW,  100  ms)  [10].  The  tanS 
values  in  'EVALUATION'  disc  did  not  go  beyond  the 
0.8  10**  level. 
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Fig.  1  Picture  of  TZK'  disc  a)  and  results  of  spatially 
resolved  measurement  of  tan5  [10"^]  at  15  GHz  b)  and 
MS  The  circles  indicate  the  area  seen  by  the 


a) 


_ _ I - 1 - 1 _ L- 

<20  -10  0  10  20 

y- position  [mm] 


Fig.  2  Line  scan  of  tan5  along  the  a)  x-direction  and 
b)  y-direction  in  TZK'  disc  at  145  GHz. 
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Abstract 

In  order  to  check  the  usability  of  large-size  CVD  (Chemical 
Vapor  Deposition)  diamond  disks  for  high  power  millimeter 
wave  vacuum  barrier  windows  at  room  temperature  (T=293  K) 
a  first  series  of  experiments,  using  a  170  GHz,  0.4  MW, 
0.2  sec.  JAERI/  Toshiba  gyrotron  [I],  have  been  performed. 
The  dielectric  loss  tangent  at  a  frequency  of  170  GHz  has  been 
determined  to  be  tan(S)  =  1.3  10*^.  This  value  is  6,5  times 
higher  than  values  which  already  have  been  measured  in 
smaller  size  samples.  By  comparing  the  experimental  results  to 
numerical  simulations  the  thermal  conductivity  was  estimated 
to  be  about  k  =  1800  W/mK. 

Introduction 

ECH  is  one  of  the  major  candidates  for  plasma  heating,  non- 
inductive  current  drive,  start-up  and  profile  control  of  the 
plasma  current  in  fusion  reactors  such  as  ITER.  Gyrotron 
oscillators  operating  at  a  frequency  of  170  GHz  are  foreseen  as 
highly  efficient  ECH  power  sources  for  ITER.  An  output 
power  of  at  least  1  MW  per  unit  is  needed  for  economical  use 
of  such  heating  systems.  The  requirement  of  CW  operation 
results  in  extremely  high  demands  on  the  material  properties  of 
die  vacuum  barrier  windows  at  gyrotrons  and  plasma  torus. 
One  answer  to  this  problem  is  to  use  a  single-disk  edge-cooled 
sapphire  window  at  cryogenic  tcn^ieratures  (liquid  Nitrogen  at 
77  K  or  liquid  Neon  at  30  K).  To  avoid  the  necessity  of  a 
cryogenic  coolant,  research  interests  currently  concentrate  on 
materials  which  allow  operation  at  room  temperature  with 
simple  water  cooling. 

A  very  promising  material  is  synthetic  diamond  which 
nowadays  can  be  manufactured  in  samples  of  up  to  110  mm 
diameter  (thickness,  approx.  2mm)  [2],  [3].  Diamond  is  an 
attractive  material  due  to  its  low  loss  tangent,  high  thermal 
conductivity,  outstanding  mechanical  properties  and  modest 
permittivity.  Finite  element  calculations  show  that  such  a 
diamond  window  assembly  using  a  water  edge-cooling  would 
be  capable  to  withstand  a  CW  power  transmission  of  2  MW  at 
170  GHz. 

In  a  first  collaborative  experiment  between  JAERI  and  the 
FZK  (as  part  of  the  ECH  window  collaboration  between  Japan 
and  EU  within  an  ITER-Task)  the  excellent  material  properties 
of  diamond  have  been  demonstrated. 


Experimental  Setup 

Fig*  1(a)  shows  a  schematic  drawing  of  the  high  power 
experimental  setup.  The  unbrazed  window  disk  has  been 
placed  in  the  output  beam  of  a  170  GHz  JAERI/Toshiba 
gyrotron.  For  transportation  of  the  RF  power  from  the  gyrotron 
to  the  test  facUity  a  non-evacuated  corrugated  HEn  waveguide 
with  a  diameter  of  88.9  mm  was  used.  In  order  to  increase  the 
power  density  and  to  reduce  the  spot  size  on  the  target  disk  the 
waveguide  was  tapered  down  to  a  diameter  of  31.75  mm. 
Finally  the  RF  power  was  radiated  as  a  Gaussian  beam  through 
the  window  disk.  To  determine  the  loss  tangent  at  different 
locations  the  disk  could  be  moved  to  several  positions.  The 
transmitted  RF  power  was  measured  using  a  calorimetric  load. 
In  Fig.  1(b)  a  detailed  drawing  of  the  diamond  disk  setup  is 
given. 


Fig.  1:  (a)  Schematic  drawing  of  the  experimental  setup, 
(b)  detailed  drawing  of  the  window  configuration. 

For  this  experiment  a  96  mm  diameter,  2.23  mm  (6  _ /2) 

thick  diamond  disk  manufactured  by  DcBeers  (UK)  has  been 
used.  To  monitor  the  increase  and  the  rise  time  of  the  disk's 
edge  temperature,  caused  by  the  passing  through  of  the  RF 
power,  four  sheath  of  non-grounded  type  thermocouples  with 
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and  a  diameter  of  0.6  mm  have  been  used.  In  order  to 
minimize  the  heat  diffusion  through  the  mounting  support  the 
disk  was  held  only  by  the  four  coupler’s  wires. 

The  full  width  at  half  maximum  (FWHM)  of  the  RF  beam  at 
the  position  of  the  window  disk  has  been  determined  to  be 
23  mm,  which  is  small  enough  to  illuminate  different  sections 
of  the  CVD  diamond  disk. 

Experimental  Results  and  Discussion 


These  results  which  are  shown  in  Figure  2  are  in  good 
agreement  with  low  power  measurements  performed  at  FZK. 
At  the  disk’s  center,  which  is  mostly  relevant  for  the  use  as  a 
vacuum  window,  a  value  of  tan(5)=1.3  10"*  has  been 
detomined. 

The  tbomal  conductivity  of  the  CVD  diamond  disk  has  been 
estimated  by  comparing  numerical  simulations  with  the 
measured  increase  of  the  disk’s  edge  temperature.  To  simulate 
this  time  behavior  the  following  equation  has  been  used: 


Millimetar  waves  at  a  frequency  of  170  GHz,  a  power  level  of  oC—  =  —  ~  f 

160  -  170  kW  and  50  -  105  ms  pulse  duration  have  been  ^  dt  r  dr 

injected  to  a  large-size  CVD  diamond  disk.  The  measured 
linear  dependence  of  the  disk’s  temperature  increase  on  the  T  is  the  window  temperature  expressed  as  T(r,t) 

pulse  duration  indicate  that  cooling  effects  are  negligible  in  die  (.r:  radius,  t:  time) ,  r  (3.54 ' 10^  kg/m^  )  is  the  mass  density,  C 
obsCTved  time  pwiod.  The  loss  tangent  (tan  6)  of  the  CVD  C7.42  •  10'*  T  J/(kg  IQ  in  the  range  of  300  K<T<  500  K ) 
diamond  has  been  determined  by  the  following  fonnula:  ^  specific  heat  [2]  and  AT  is  the  thermal  conductivity.  Q  is 

the  rate  of  heat  generation  represented  as 

je’tan<5l£(r,r)('  (3) 


tan^  = 


CoP^^C.  at 


4/(1  + s’) 


(1) 


l+£ 


where  cp  is  the  velocity  of  light,  p  is  the  mass  density,  D  is  the 
disk  diameter,  Cp  is  the  specific  heat,  f  is  the  frequency  of  the 
incident  RF,  e’  is  the  permittivity,  AT  is  the  disk’s  temperature 
increase,  Pjyr  is  the  incident  RF  power  level  and  At  is  die  pulse 
duration.  Transmitting  the  RF  beam  through  several  positions 
of  the  disk  gave  slightly  different  temperature  increases.  This 
indicates  an  inhomogeneous  distribution  of  the  loss  tangent 
across  the  CVD  diamond  disk. 


Co  is  the  dielectric  constant  in  vacuum  and  E(r,t)  is  the 
electric  field  strengdi  of  die  incident  RF.  Assuming  an 
azimudially  symmetric  distribution  of  the  heat  deposition 
Equation  (2)  is  solved  using  a  one  dimensional  (radial 
direction)  finite  element  method.  For  the  simulated 
temperature  increase  shown  in  Figure  3,  a  loss  tangent  of 
tan(5)=  1.3  ‘  lO"*,  an  RF  power  of  165  kW  and  a  pulse 
duration  of  57  ms  have  been  used. 


Smooth  :  Smooth  Side  (Bougrmess  a2S>im) 
Rough  :  Rouc^i  Side  (Roustmess  tt  28)im) 


Fig.  2:  Distribution  of  loss  tangent  across  the  CVD  diamond 
disk. 


Time  (s) 

Fig.  3:  Time  behavior  of  the  disk’s  edge  temperature  increase. 

The  best  agreement  between  measurement  and  simulation  has 
been  found  by  taking  a  thermal  conductivity  of  1800W/mK 
into  account  A  value  uhich  also  has  been  measured  at  a 
smaller  sample  by  applying  the  photoacoustical  method  at 
FZK. 
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Abstract 

Silicon  nitride  composite  was  high  power  tested  with 
a  surface  cooling  by  impinging  gas  nitrogen  jets  on  the 
single-disk  surfece.  With  gas  cooling  of  4651/min.,  130kW 
CW  power  of  HEn  mode  could  be  transmitted  through  the 
window  with  a  diameter  of  88.9mm.  The  peak  window 
temperature  was  completely  saturated  on  123.6  **C.  Without 
gas-cooling  it  did  not  saturate  and  reached  323  **€  during  30 
seconds  pulse.  A  possibility  of  IMW  CW  single  disk 
Brewster  windows  with  a  forc^  gas-cooling  is  discussed. 

Introduction 

A  vacuum  barrier  window  is  one  of  the  most  critical 
component  to  realize  high  power  CW  (Continuous  Wave) 
gyrotrons.  Many  efforts  to  accomplish  1  MW  CW  windows 
have  been  made  all  over  the  world.  Single-disk  windows  have 
a  merit  of  simple  structures  which  assure  higher  reliability 
than  complicated  multiple-disk  designs.  By  means  of  the  gas¬ 
cooling,  the  surface-cooled  single-disk  wiixiow  with  a  low  loss 
and  tough  material  might  be  possible  to  persist  in  CW  power 
transmission. 

A  new  sintered  silicon  nitride  composite  (SN-287) 
has  been  developed  by  Kyocera  corporation  in  Japan.  It  has 
higher  thermal  shock  resistance,  hi^er  flexural  strength  and 
better  thermal  conductivity  than  sapphire.  The  loss  tangent  is 
comparable  to  sapphire[l].  Table  1  presents  the  physical, 
electrical  and  mechanical  characteristics  of  the  silicon  nitride. 

We  fabricated  a  single-disk  witxlow,  which  had  an 
88.9  mm  effective  diameter,  with  a  surface-cooling  mechanism 
by  obliquely  impinging  gas  jets  on  the  disk.  It  was  tested  in 
the  ISO  kW,  HEii,  84  GHz  transmission  line  where  the 

power  flux  density  exceeded  8  kW/cm^  on  the  center  of  the 
window. 

In  this  report,  we  describe  the  high  power  test  results 
of  the  forced  gas-cooled  single-disk  window  with  the  silicon 
nitride  composite,  and  discuss  a  possibility  of  MW  CW 
transmission  through  a  larger  area  Brewster  window  with 
forced  gas-cooling. 

Forced  gas-cooled  single-disk  window 
and  experimental  set-up 

Using  the  low  loss  silicon  nitride  composite,  we 
assembled  a  forced  gas-cooled  single-disk  window  with  an 
edge-water  cooling.  Figure  1  shows  the  structure  of  the  gas- 
cooled  single-disk  window  for  high  power  testings.  A  circular 
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Table  1  Physical,  electrical  and  mechanical  characteristics  of 
a  silicon  nitride  composite 

disk  of  the  silicon  nitride  composite  with  a  diameter  of 
ISOmm  and  a  thickness  of  about  2mm  is  held  between  two 
stainless  steel  flanges  and  sealed  by  0-rings.  In  this  window 
structure,  the  whole  surface  of  one  side  is  forced  gas-cooled  by 
means  of  gas  erupting  nozzles  perforated  on  the  iimer  wall  of 
the  flange  aixl  the  disk  edge  of  another  side  is  water-cooled. 
The  typical  diameter  of  the  holes  is  1mm  and  the  number  is 
24.  The  nozzle  section  is  exchangeable  to  check  the  effect  of 
the  size,  the  number  of  the  holes,  and  its  configuration.  The 
effective  diameter  of  the  window  is  88.9mm  and  can  be 
connected  to  a  corrugated  waveguide  with  the  same  irmer 
diameter.  Working  gases  used  for  testings  were  dry  nitrogen 
and  dry  air. 

For  the  high  power  transmission/absorption  testings 
through  the  window,  we  used  a  high  power  test-stand.  The 
power  source  is  an  84GHz  gyrotron  which  has  an  ability  of 
500kW-2sec.,  400kW-10.5sec.,  200kW-30scc.,  and  lOOkW- 
30min.  operations.  Normal  operation  for  the  window  testings 
was  conchicted  at  100-200kW  power  level.  The  output  from 
the  gyrotron  which  has  a  flattened  RF  profile  with  a  peaking 
factor  of  about  4.S  is  coupled  to  an  HEi  i  mode  in  a  corrugated 
waveguide  by  two  focusing  mirrors  and  transmitted  over  about 
3.4m  through  two  miter  bends. 

The  millimeter-wave  power  introduced  into  the 
corrugated  waveguide  is  transmitted  through  the  window  under 
test,  coupled  into  a  dummy  load  by  another  set  of  two  mirrors 
in  a  matching  mirror  box.  Transmitted  power  through  the 
window  was  measured  by  this  dummy  load.  Temperature 
profiles  and  the  peak  temperature  of  the  window  were 
monitored  by  an  IR  camera  through  a  port  equipped  on  the 
matching  mirror  box.  The  readings  of  the  IR  temperature  were 
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Figure  1  Structure  of  the  forced  gas-cooled  single-disk  window 
of  a  silicon  nitride  composite 


directly  caUbrated  by  a  Pt  thermometer  in  advance.  The 
cooling  gas  was  supplied  from  a  gas  cylinder  and  its  flow  rate 
was  measured  by  a  float  type  area  flow  meter. 

Experimental  results 


At  first  we  used  a  2.53mm  thickness  disk  which 
corresponded  to  twice  of  the  wavelength  in  the  disk.  The 
gyrotron  was  operated  at  a  high  repetition  rate  of  lOHz  and 
150kW  power  level.  Average  input  power  to  the  window  was 
changed  by  increasing  the  pulse  width  up  to  30msec, 
correspondhag  to  30%  duty. 

The  power  removed  by  heat  conduction  in  the  disk 
and  maximum  temperature  on  the  disk  arc  plotted  as  a  function 
of  the  gas  flow  rate  for  30%  duty  arxl  around  150kW  peak 
power  injection  in  Fig.  2.  Both  have  the  same  dependence  on 
the  gas  flow  rate.  The  effect  of  gas-cooling  is  significant  in 
the  range  of  100  liter/min.  flow. 

In  order  to  demonstrate  a  possibility  of  a  high  power 
CW  transmission,  we  performed  30  seconds  injection  with 
130kW  power.  In  this  case  we  used  the  disk  of  1.9mm 
thickness  which  corresponded  to  one  and  half  of  the 
wavelength.  This  disk  has  a  lower  loss  tangent  value  than  the 
disk  of  2.53mm  thickness.  Figure  3  shows  the  time  evolution 
of  the  peak  tempcranirc  on  the  disk  with  and  without  gas¬ 
cooling.  Without  gas-cooling  it  continued  to  increase  during 
the  pulse,  because  of  the  inferiority  of  the  thermal 
conductivity.  At  the  end  of  the  30scc.  pulse  the  maximum 
temperature  reached  as  high  as  323  ^C.  On  the  other  band, 
with  fbitod  gas-surfacc-cooling  of  465  lilcr/min.,  the  peak 
temperature  completely  saturated  during  the  pulse.  The 
saturated  temperature  is  123.6*^0.  This  fact  means  that  this 
type  of  the  window  can  withstand  a  130kW  CW  power 
transmission  of  HEn  nKxfe  through  the  waveguide  with 
88.9mm  in  diameter. 

The  local  heat  transfer  coefficient  of  the  forced  gas¬ 
cooling  can  be  estimated  by  means  of  evaluating  the  decay 
time  of  the  peak  temperature  on  the  disk  after  turning  off  of  a 
millimeter-wave  injection.  The  maximum  value  of  the  heat 
transfer  coefficient  is  achieved  0.1  W/cm^K  for  a  gas  flow  rate 
of  about  4001/min. 
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Figart  2  Dependence  of  peak  window  temperature  and  absorbed 
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Figure  3  Time  evolution  of  the  peak  temperature  on  the  disk 
during  130kW,  30scc.  injection  without  and  with  gas-cooling. 

Brewster  window 

From  a  viewpoint  of  high  power  windows,  the 
Brewster  window  has  a  lot  of  merits.  In  addition  to  its 
ffequency  independence,  it  has  an  effectively  large  area,  aixi  the 
power  density  of  an  injected  RF  beam  can  be  reduced  by 
several  times.  Its  elliptical  shape  also  has  less  internal  stresses 
and  smaller  deformation  than  a  circular  shape  with  the  same 
surface  area. 

For  the  silicon  nitride  composite  with  a  permittivity 
of  7.92,  the  Brewster  angle  6^  is  70.44*.  When  an  elliptical 
disk  is  installed  in  a  circular  waveguide,  the  disk  has  an 
clliptivity  of  approximately  three.  Let's  estimate  the  size  of  a 
IMW  CW  windiow  with  this  material  and  with  the  forced  gas¬ 
cooling.  Since  a  130kW  CW  transmission  is  possible  from 
the  experimental  results,  7.7  times  of  the  disk  area  is  required 
for  IhiW,  if  the  peaking  factor  of  the  incident  wave  are  kept 
constant  (about  3.7  for  HEji  mode).  This  means  that  the  size 

of  140  X  420  ram^  will  be  required.  Tbc  thickness  of  the  disk 
will  be  about  3.5  mm,  if  the  maximum  tensile  stress  is 
suppressed  below  lOOMPa,  when  the  maximum  deformation 
is  expected  to  be  0.3mm. 
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Abstract 

In  order  to  demonstrate  the  usability  of  gyrotron  oscillators  as 
frequency  step  tunable  high  power  millimeta’-wave  sources, 
experiments  on  a  1  MW,  140  GHz  TE2X6  gyrotron  with  a  built 
in  quasi-optical  (q.  o.)  mode  converter  have  been  performed. 
By  varying  the  tube’s  operating  parameters  a  scries  of 
oscillations  in  a  frequency  range  from  1 14.1  to  166  GHz  have 
been  excited.  To  avoid  window  reflections  the  gyrotron  has 
been  equipped  with  a  Brewster  window.  The  achieved  ouqjut 
power  level  between  0.85  and  1.05  MW  is  compared  to 
measurements  done  with  the  same  gyrotron  using  a 
conventional  single-disk  window.  These  experiments  showed 
that  even  by  using  a  q.  o.  mode  converter  the  influence  of 
window  reflections  on  the  gyrotron  oscillation  behavior  cannot 
be  removed  completely. 

Introduction 

Electron  Cyclotron  Resonance  Heating  (ECRH)  is  one  of  the 
major  candidates  for  plasma  healing,  non-inductive  current 
drive,  profile  control  and  start-up  of  the  plasma  current  in  the 
next  generation  of  fusion  plasma  machines  such  as  the  ITER 
tokamak.  To  meet  these  requirements  with  a  maximum  of  effi¬ 
ciency  it  will  be  necessary  to  heat  at  different  positions  of  the 
fusion  plasma.  This  can  be  achieved  either  by  radiating  fixed 
frequency  nun-wave  power  via  a  movable  antenna  (mirror) 
into  the  plasma  or  by  applying  different  frequencies  at  fixed 
launching  angle.  Since  the  tokamak’s  magnetic  field  is 
decreasing  from  the  inner  to  the  outer  torus  wall  also  the 
electron  cyclotron  resonance  frequency  is  decreasing.  In  order 
to  reduce  the  ECRH  system’s  costs  it  is  desirable  to  provide 
these  frequencies  by  using  only  one  type  of  mm-wave  source, 
such  as  a  stepwise  frequency-tunable  gyrotron  oscillator. 

The  TE22,6  Gyrotron 

The  gyrotron  consists  of  a  diode-type  magnetron  injection  gun 
with  a  LaBft-emitter.  The  beam  tuimel  is  equipped  with  alter¬ 
nating  staggered  copper  and  highly  RF-absorbing  ceramic 
rings  in  order  to  suppress  oscillations  in  this  region.  The  oper¬ 
ating  mode  has  been  chosen  to  be  the  TE22,6  mode  [1]  with  a 
designed  output  power  of  1  MW  at  a  beam  current  of  40  A  and 
a  beam  voltage  of  80  kV  (see  Table  I).  The  collector  employs 
an  insulation  gap  allowing  a  retarding  voltage  in  order  to  study 
the  efficiency  improvement  by  beam  energy  recovery  in  a 
single-stage  depressed  collector. 


gun 

cavity 

cathode  voltage 

80  kV 

output  power 

1  MW 

beam  current 

40A 

efficiency  T| 

30% 

emitter  current 

3.6  A/cm* 

magnetic  field 

5.49  T 

density 

Ohmic  loss  density  3.5kW/cm^  I 

emitter  radius 

45.2  mm 

velocity  ratio  a 

1.4 

cathode  angle 

21.48“ 

beam  radius 

7.93  mm 

magnetic  field 

0.187  T 

beam  thickness 

0.53  mm 

compression  ratio 

36 

cavity  radius 

15.57  mm 

cavity  length 

15  mm 

input  taper  angle 

30 

ouqjut  taper  angle 

2.5“ 

diffractive  Q 

1000 

Table  I:  Design  values  of  the  TE22.6  gyrotron 


In  a  gyrotron  the  frequency  can  be  step-wise  varied  by 
changing  the  operating  TE-cavity  mode  via  variation  of  the 
cavity  magnetic  field.  Due  to  the  helical-cut  antenna  of  the 
applied  q.  o.  mode  converter  (Denisov-type)  [2]  the  different 
modes,  which  have  to  be  launched  into  a  linearly  polarized 
“Gaussian"  beam  profile,  must  have  the  same  rotation. 

Since  the  reflections  at  the  window  plate  only  can  vanish  if  the 
oblique  incident  beam  is  linearly  polarized  it  is  important  to 
notice  that  the  excited  TE  mode  as  well  as  it’s  launched  beam 
pattern  do  not  show  any  mentionable  part  of  a  longitudinal 
electric  field  (cross  polarization). 

Window  Design  and  High  Power  Measurements 

Due  to  the  power  supply  available  at  FZK.  currently  the 
possible  pulse  length  for  the  high  power  experiments  is  limited 
to  several  milliseconds.  Owing  to  the  low  dielectric  losses  of 
the  common  window  materials  this  results  in  negligible 
thermal  restrictions.  Therefore  no  special  attention  had  to  be 
paid  to  the  window’s  cooling  system  and  the  thermal 
conductivity  of  the  window  material  itself.  For  this  reason  a 
fused  silica  quartz  glass  with  guaranteed  isotropic  material 
properties  has  been  used. 

•  conventional  single  disk  window: 

In  order  to  decrease  the  window  reflections  at  least  for  a  few 
frequencies  a  conventional  single  disk  was  mounted  perpen¬ 
dicular  to  the  RF  beam  as  an  output  window.  By  choosing  the 
window’s  thickness  to  be  d  =  6  '  X,  =  6.58  mm  at  the  gyrotron 
design  frequency  of  140  GHz  the  transmission  characteristics 
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for  1 17  GHz,  128  GHz,  140  GHz,  152  GHz  and  163  GHz  are 
optimized.  Figure  1  shows  the  calculated  dependency  for  the 
window  reflection  and  the  measured  gyrotron  ou^ut  power 
versus  the  q>plied  cavity  magnetic  fields,  respectively  the 
■  firequency.  One  has  to  k^p  in  mind  that  only  oscillations  at 
discrete  frequencies  can  be  excited  in  a  gyrotron  cavity. 
However  it  is  obvious  that  only  modes  located  at  frequencies 
with  low  window  reflections  are  coupled  out  wifli  power  levels 
up  to  1  MW. 

•  Brewster  window 

In  a  second  step  the  gyrotron  had  been  equipped  with  a 
Brewster  window.  In  order  to  achieve  a  simple  wiiidow  design 
and  due  to  the  negligible  thermal  demands  die  quartz  plate  was 
glued  to  the  m^  housing  without  any  additional  cooling 
system.  The  angle  between  the  incident  beam  and  the  normal 
to  the  window  plate  was  chosen  according  to  Snell’s  law  of 
refraction  for  vanishing  reflections  in  case  of  parallel 
polarization: 


Comparison  between  the  two  Window  Designs 

To  be  able  to  compare  the  inside  the  gyrotron’ s  cavity  excited 
RF  power  levels  for  corresponding  modes  in  the  two  concepts 
the  values  measured  with  the  single  disk  window  can  be 
corrected  by  die  window’s  reflection.  Only  for  vanishing 
window  reflections  the  same  results  were  achieved.  Whereas 
modes  located  at  high  reflections  are  coupled  out  even  less 
than  wliat  have  been  expected  by  the  correction.  These  results 
indicate  that  even  by  using  a  q.  o.  mode  converter  window 
reflection  caimot  be  neglected. 

For  minimal  reflections  in  the  conventional  design  the  window 
plate  has  a  resonant  thickness  with  respect  to  Ae  wavelength 
inside  the  matnial.  This  of  course  results  in  a  local  maximum 
of  absorption  given  by  the  following  formula: 

Cn 


where  £2  =  3.81  is  the  permittivity  of  quartz  glass  and  £]  *  1  is 
that  of  air  or  vacuum.  The  dependency  of  the  reflection 
coefficient  vctsus  frequency  and  the  angle  of  incidence  are 
shown  in  Figure  2.  It  is  interesting  to  notice  that  the  reflections 
in  a  stripe  from  55°  to  70°  are  below  5  %  independent  from 
frequency.  Figure  2  b)  shows  the  excellent  agreement  between 
the  caculated  and  measured  reflection  curve  for  a  frequency  of 
140  GHz.  Since  all  rays  are  reflected  under  the  same  angle  as 
they  fall  onto  the  plate  surface  it  is  extremely  unlikely  that  any 
mentionable  part  is  scattered  back  into  the  gyrotron.  The 
significant  influence  on  the  mode  spectrum  of  the  measured 
output  power  can  be  seen  in  Figure  1 .  Practically  all  modes  are 
coupled  out  with  the  same  intensity.  Only  at  frequencies  where 
the  azimuthal  indices  arc  changing  the  power  levels  are  slightly 

reduced  (m=5  to  6  at  132  GHz  and  m=6  to  7  at  151  GHz). 

o  without  refloettons  (Brewster  window) 

«  with  reflections  (conventional  window) 


magnetic  fteld  / 


Fig.  I :  Calorimetrically  measured  output  power  and  calculated 
reflectivity  of  the  conventional  window  versus  magnetic 
field  and  frequency,  respectively. 


where  f  is  the  resonance  frequency,  d  is  the  plate’s  thickness 
and  Co  is  the  velocity  of  light  in  vacuum.  For  a  plate  mounted 
under  the  Brewster  angle  each  ray  is  passing  the  window 
material  only  once,  which  results  in  the  following  equation: 

-taniS)  d 

From  this  cqutions  it  is  obvious  that  the  amount  of  power 
absorbed  in  the  conventional  window  compared  to  that  in  a 
Brewster  window  of  similar  thickness  is  increasing  stronger 
with  the  permittivity.  In  addition  the  RF  spot  size  on  the 
window  is  increased  due  to  the  oblique  incidence.  Which 
results  in  a  lower  peak  temperature  and  less  critical  thermal 
stress  conditions. 
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Fig.  2:  a)  Reflectivity  of  7  mm  thick  fused  quartz  plate  versus 
frequency  and  angle  of  incidence, 
b)  Measured  reflectivity  at  a  frequency  of  140  GHz 

References 

[1]  Gantenbein.  G.,  ct  al.,  Int.  J.  Electronics  72  (1995), 
pp.  771-787. 

[2]  Mobius,  A.,  Thumm.  A.,  Gyrotron  output  launchers  and 
output  tapers  in  Gyrotron  Oscillators,  C.  Edgecombe,  ed., 
Taylor  &  Francis,  London,  1993,  Chapter  7,  pp.  179-222. 


T4.7 


150 


Influence  df  window  reflections  on  gyrotron  operation 
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Abstract 

A  TE22,6  gyrotron  widi  a  din^le-type  quasi-opdcal  launcher 
has  been  built  at  the  Forschungszentrum  Karlsruhe.  The 
highest  output  power  fw  die  TEjic  ^node  at  140  GHz  was 
measured  to  be  almost  1.2  MW  at  an  output  efficiency  of  26% 
(45%  with  singl-stage  dqiressed  collector).  The  hipest 
efficiency  was  27%  at  an  output  power  of  0.9  MW.  The 
oscillation  behaviour  was  investigate  for  different  modes  in  a 
large  frequency  range  extending  from  117  GHz  to  166  GHz. 
With  a  Brewster  window  the  measured  ouqiut  power  of  about 
1  MW  was  almost  independrat  of  the  excited  modes.  A 
similar  measurement  has  also  been  performed  with  a 
conventional  window  perpendicular  to  the  rf-beam.  This 
measurement  showed  a  strong  dependence  of  ouqiut  power  on 
the  frequency,  even  if  the  ouqiut  power  is  corrected  according 
to  the  reflections.  A  strong  influence  also  was  found  with  a 
double-disk  window,  for  which  the  reflection  coefficient  could 
be  changed  continuously. 

Introduction 

Electron  Cyclotron  Resonance  Heating  is  one  of  the  major 
candidates  for  plasma  heating,  non-inductive  current  drive, 
profile  control  and  start-up  of  the  plasma  current  in  the  next 
generation  of  fusion  plasma  machines  such  as  the  ITER 
tokamak. 

To  meet  these  requirements  widi  high  efficiency  it  is 
necessary  to  heat  the  plasma  at  different  positions.  This  can  be 
achieved  by  radiating  waves  of  different  frequencies  into  the 
plasma.  Due  to  the  different  magnetic  fields  at  different 
positions,  the  location  of  rf-absorption  can  be  chosen  by  the 
appropriate  fi^quency. 

The  output-wave  of  a  gyrotron  is  assumed  to  be  a  linearly 
polarized  Gaussian  beam.  In  this  case  a  window  can  be 
installed  with  the  Brewster  angle.  For  this  the  reflections  are 
zero  independent  of  fiequcncy. 

Experimental  set-up 

The  layout  of  the  gyrotron  is  described  in  earlier  papers'-^. 

TEjj*  gyrotron  consists  of  a  diode-type  magnetron 
injection  gun  with  a  LaB*  emitter.  The  velocity  ratio  a  can  be 
modified  from  1.1  to  1.7  by  the  change  of  the  magnetic  field 
gradient  in  the  gun  region.  The  beam  tunnel  is  equipped  with 
alternating  staggered  copper  and  highly  rf-absorbing  ceramic 
rings  (aluminum  nitride  and  40%  silicon  carbide).  The 
operating  mode  has  been  chosen  to  be  the  TEji^mode  with  an 
output  power  of  1  MW  at  a  beam  current  of  40  A  and  a  beam 
voltage  of  80  kV. 


The  peak  value  of  flie  Ohmic-loss  density  is  3.5  kW/cm* 
for  an  ouq>ut  power  of  1  MW  and  a  surface  temperature  of 
300°C.  A  factor  of  13  is  included  for  sur&ce  roughness,  and 
rf-losses  of  15%  are  assumed  between  generated  power  and 
output  power. 

The  Brewster  angle  0  for  a  disk  widi  the  permittivity  e  is 
calculated  in  air  according  to  tan(0)  =  Ve.  For  a  quartz  disk 
(e=3.81)  the  angle  is  calculated  to  be  62.9°.  In  order  to 
achieve  a  simple  window  design,  the  quartz  plate  was  glued  to 
the  metal  housing  without  any  additional  cooling  system.  This 
is  possible  because  of  the  short  pulse  length  (  0.5  ms)  and  the 
low  duty  cycle.  The  thickness  of  the  disk  was  7  mm.  The 
window  housmg  had  a  diameter  of  100  mm. 

For  cw-operation  such  a  window  might  be  realized  using  a 
diamond  disk*  fabricated  by  chemical  vapor  deposition. 

Due  to  the  large  angle  of  the  window  it  seems  to  be 
extremely  unlikely  that  a  considerable  part  of  the  rf-wave  is 
scattered  back  to  the  cavity.  However  it  might  be  that  the 
reflected  power  is  not  tot^ly  absorbed  in  the  mirror  box  of  the 
gyrotron.  After  a  few  reflections  in  the  box  a  small  part  of  the 
reflected  power  can  enter  the  launcher  and  pass  to  the  cavity. 

To  compare  the  behavior  of  the  gyrotron  with  the  Brewster 
window  to  a  conventional  gyrotron,  we  installed  a  single-disk 
quartz  window  perpendicular  to  the  rf-beam.  To  minimize  the 
reflection  at  certain  frequencies  (117  GHz,  128  GHz,  152  GHz 
and  163  GHz),  the  thickness  was  chosen  to  6.58  mm.  This 
corresponds  to  sue  wavelengths  inside  the  material  at  the 
frequency  of  1 40  GHz. 

To  be  able  to  change  the  reflection  coefficient 
continuously  in  order  to  measure  the  behavior  of  the  gyrotron 
with  respect  to  reflections,  a  double-disk  sapphire  window  was 
installed.  With  the  disk  thickness  of  1.73  mm  the  disks  are 
transparent  for  a  frequency  of  140  GHz.  By  changing  the  disk 
distance,  the  reflections  can  be  varied  from  0  to  90%. 

Experiment 

With  the  Brewster  window  installed  it  was  possible  to 
excite  the  gyrotron  at  frequencies  of  different  azimuthal 
modes  at  almost  the  same  output  level  of  1  MW  (black  bars  of 
figure  1).  The  spacing  of  these  modes  is  about  3.7  GHz. 
However  it  can  be  seen  that  at  about  1 32  GHz  and  at  1 54  GHz 
the  output  power  is  reduced  slightly.  These  are  those 
fi^quencies  where  the  radial  number  of  modes  changes.  At 
these  points  the  frequency  distance  is  very  small  (about  the 
bandwidth  of  the  cavity)  and  interference  might  occur.  The 
light  bars  of  figure  1  show  the  same  measurement  with  a 
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conventional  single-disk  window  (only  die  beam  voltage  was 
optimized).  Of  course,  one  has  to  correct  diese  values  as  part 
of  the  power  is  reflected.  The  corrected  power  P^=P^  (1-r^  is 
shown  by  the  gray  bars. 

Even  for  the  corrected  power  die  values  are  strongly 
reduced  compared  to  the  power  measured  with  the  Brewster 
window.  At  122  GHz  the  reduction  is  about  20%  diough  the 
power  reflection  coefficient  is  about  35%.  The  same  reflection 
coefficient  is  calculated  for  136  GHz,  but  here  the  reduction  in 
outpvt  power  is  about  70%.  The  same  is  tree  for  155  GHz. 

Though  we  did  not  expect  a  severe  amount  of  reflected 
power  inside  the  cavity  the  influence  is  vciy  strong.  This  is 
especially  true  at  those  fiequencies  for  v^ch  Ae  radial 
(tependence  changes  from  cme  series  to  the  other.  The  reason 
might  be  the  same  as  mentioned  before:  die  frequency  spacing 
between  die  two  modes  is  radier  small  (  less  than  200  MHz). 
But  also  for  other  modes  die  reduction  in  (corrected)  output 
power  is  significant,  up  to  about  40  %  for  window  reflections 
of35%. 

To  prove  this  statement,  another  window  -  a  double  disk 
sapphire  window  with  adjustable  disk  spacing  -  was  installed. 
As  expected,  at  140  GHz  no  power  dependence  was  found. 
For  two  other  fiequencies,  the  measurements  are  given  in 
figure  2  and  3. 

At  147.5  GHz,  far  away  bom  odier  modes,  a  significant 
influence  of  the  reflections  on  die  corrected  output  power  was 
found.  The  reduction  of  die  measured  output  power  was  about 
a  factor  of  two  compared  to  what  has  been  expected,  if  one 
corrects  for  the  calculated  reflections  (figure  2). 

A  much  stronger  influence  of  the  reflections  was  found  at 
the  fi^uency  of  136.37  GHz.  Theoretically  the  distance  of 
fi^quency  between  the  TEj,  ^  and  the  TEj^.,  mode  is  less  than 
100  MHz  and  the  actual  coupling  coefficients  are  almost  the 
same.  Even  window  reflections  of  only  a  few  percent  reduce 
the  output  power  from  500kW  to  less  dian  100  kW.  As  already 
mentioned  the  reason  could  be  seen  in  the  fact  that  there  are 
two  modes  very  near  in  fi^uency. 
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Fig.  1 :  Output  power  for  different  modes, 

a)  with  Brewster  window  (daric),  b)  measured  power  (light) 
and  c)  corrected  power  (gray)  with  a  single-disk  window 


Fig.  2:  Output  power  versus  disk  distance  for  147.5  GHz.  The 
solid  line  shows  the  expected  power  (corrected  for  reflections) 
assuming  a  generated  power  of  0.9  MW. 


Conclusion 

A  Brewster  window  is  the  ideal  window  for  a  step-tunable 
gyrotron.  Many  modes  widi  a  frequency  spacing  of  3.7  GHz 
could  be  excited  at  almost  the  same  output  level  of  1  MW.  A 
decrease  of  about  20%  in  ouq>ut  power  was  found  at 
frequencies  at  which  the  radial  mc^e  index  changes  from  one 
to  the  next  The  reason  is  seen  in  the  fact  that  the  frequencies 
of  the  different  modes  are  very  near  (comparable  to  the 
bandwidth  of  the  cavity).  For  these  modes  even  very  small 
reflections  seem  to  have  a  strong  influence  on  the  oscillation 
behavior  of  the  cavity. 
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Fig.3:  Output  power  versus  disk  distance  for  136.6  GHz.  The 
solid  line  shows  values  according  to  P=0.53  (  1-r^  ).  The 
dashed  line  represents  the  power  reflection. 
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Enhanced  Face  Cooled  Gyrotron  Output  Windows 

George  S.  Haldeman 
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Abstract 

A  new  gyrotron  window  configuration  is  proposed  as  a  modi¬ 
fication  of  existing,  double  disk,  face  cooled  windows.  The 
design  uses  curved,  rather  than  flat,  elements  to  reduce  the 
efiect  of  pressure  stresses  and  proposes  a  pressure  recovering 
diffuser  to  increase  effective  flow  rates  for  a  given  average 
coolant  pressure.  Results  indicate  that  these  enhanced  face 
cooled  windows  can  theoretically  operate  at  microwave  power 
levels  up  to  7  MW  and  should  be  able  to  reach  practical  levels 
in  excess  of  2  MW  using  single  crystal  sapphire  at  1 10  GHZ. 


assembly.  Microwave  beam  energy  is  transmitted  through  the 
elements  and  absorbed  heat  is  removed  by  low  loss  fluorinert 
coolant  which  flows  longitudinally  through  the  intermediate 
layer  and  across  the  microwave  beam.  The  window  thickness, 
clear  aperture,  normalized  surface  sag,  and  coolant  channel 
gap,  specify  the  design  geometry.  The  microwave  intensity 
profile  and  properties  for  the  flowing  coolant  layer  and  win¬ 
dow  elements  must  also  be  specified  in  order  to  analyze  the 
design. 

A.  Stress  Limited  Power 


Overview 

Gyrotron  oscillators  with  CW  power  levels  greater  than  1  MW 
at  frequencies  greater  than  100  GHz  are  presently  required  to 
support  ongoing  plasma  heating  experiments  for  fusion  re¬ 
search.  These  gyrotron  tubes  will  require  an  output  window 
to  isolate  d>e  tube  vacuum  environment,  and  double  disk,  face 
cooled  windows  made  of  single  crystal  sapphire  are  the  high¬ 
est  power  designs  currently  in  use.  Unfortunately,  these 
windows  have  only  achieved  power  levels  up  to  about  500  kW 
for  conditions  approaching  CW  operation.  A  number  of 
alternative  window  designs  have  been  proposed,  and  are 
almost  exclusively  utilizing  advanced  materials  with  simple 
edge  cooled  designs  to  extend  window  performance.  Al¬ 
though  these  new  materials  are  promising,  the  widespread  use 
of  quasi-opdcal  techniques  to  separate  and  manipulate  the 
millimeter  wave  output  in  Gaussian  like  beams  provides  the 
opportunity  to  consider  alternative  configurations. 


Figure  1 

Nominal  Design  Parameters 
Analysis 

One  of  these  alternatives  is  shown  in  Figure  1.  The  design 
consists  of  two  uniform  thickness  spherical  elements 
monocentrically  mounted  in  an  optimized  nozzle  diffuser 


Absorbed  microwave  power  is  deposited  throughout  the 
element,  and  must  be  removed  by  conduction  to  the  coolant 
layer  boundary,  and  then  by  convection  into  the  moving  bulk 
fluid.  In  order  to  drive  this  heat  conduction,  temperature 
gradients  with  subsequent  uneven  thermal  expansion  are 
induced  in  the  element  creating  strains  and  b^ancing  stresses. 
The  circulating  fluid,  required  for  cooling,  causes  an  addi¬ 
tional  loading  due  to  its  pressure  and  also  results  in  stresses 
and  strains  throughout  the  element  For  small  strains,  and 
constant  normalized  temperature  and  pressure  profiles,  result¬ 
ing  stresses  can  be  linearly  related  to  the  input  beam  power 
and  average  coolant  pressure  giving, 

where  the  o  vectors  represent  the  stress  state  due  to  the  ther¬ 
mal,  pressure,  and  combined  loads  but  include  dimensional 
scaling  factors  as  necessary,  W  is  the  input  microwave  beam 
power,  and  p.^,  is  the  average  pressure  used  to  characterize  the 
pressure  profile.  With  this  expression  and  given  fixed  pro¬ 
files,  the  beam  power  required  to  reach  the  ultimate  tensile  or 
compressive  stress  in  the  material  can  be  easily  calculated  for 
each  point  in  the  element  The  minimum  of  these  calculated 
values  will  be  the  stress  limited  power. 

B.  Boiling  Limited  Power 

Although  the  bulk  temperature  and  flow  properties  are  nor¬ 
mally  assumed  to  be  constant  edge  fluid  must  have  the  same 
temperature  as  the  wall  it  is  touching.  As  a  result  it  is  possi¬ 
ble  for  the  wall  temperature  to  exceed  the  local  boiling  point 
of  the  coolant  causing  a  phase  change  in  this  edge  fluid,  and 
ultimately  failure  due  to  thermal  stresses  as  described  above. 
Since  the  heat  conduction  problem  that  must  be  solved  to 
obtain  temperature  profiles  is  also  linear,  the  wall  temperature 
profile  (relative  to  the  reference  bulk  fluid  temperature)  will 
also  be  linearly  related  to  the  beam  power.  The  resulting 
relation  can  be  easily  inverted  giving, 
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where  is  the  beam  power  that  will  cause  boiling,  T|»g(p) 
is  the  coolant  boiling  point,  functionally  dependent  on  the 
local  pressure,  is  the  bulk  fluid  teniperature,  and  H^r)  is 
an  effective  coupling  constant  which  includes  the  spatial 
effects  of  the  power  deposition  profile  and  convective  cooling. 
When  evaluated  at  all  the  points  on  the  element  surface,  the 
minimum  calculated  value  of  this  expression  will  give  the 
boiling  limited  power. 

C*  Cooling  Optimization 

Both  stress  and  boiling  limited  performance  are  closely  related 
to  the  level  of  convective  cooling,  which  in  turn,  is  closely 
related  to  die  pressure  profile  within  the  coolant  layer.  The 
relationship  is  generally  conqilex,  but  the  trends  are  straight¬ 
forward.  Increasing  pressure  gradients  increase  flow  and 
convective  cooling,  thereby  reducing  wall  temperatures  and  at 
least  some  thermal  stresses.  Increasing  average  pressure 
increases  the  pressure  stresses,  thereby  reducing  allowable 
thermal  stresses  while  at  the  same  time  increasing  the  boiling 
point  all  along  the  flow  path.  The  trend  towards  increased 
cooling  generally  dominates  the  boiling  point  effect,  and 
optimum  cooling  usually  occurs  near  the  maximum  possible 
pressure  gradient  for  a  given  average  pressure.  As  a  result,  a 
fundamental  tradeoff  between  allowable  pressure  stresses  and 
enhanced  cooling  is  created.  The  curved  elements  dramati¬ 
cally  change  the  balance  of  this  tradeoff  by  reducing  the 
relative  magnitude  of  pressure  stresses.  Since  the  maximum 
pressure  gradient  is  usually  assumed  to  be  limited  by  a  fixed 
exit  pressure,  the  optimized  diffuser  will  allow  further  im¬ 
provement  by  increasing  these  gradients  to  that  presented  by 
the  true  limit,  exit  cavitation. 

Results 

Clearly,  to  achieve  improved  performance,  one  must  show  that 
curvature  induced  reductions  in  pressure  stresses  and  resulting 
increases  in  cooling  or  decreases  in  thickness  more  than  offset 
any  corresponding  increase  in  thermal  stress.  Unfortunately, 
the  conplex  thermal  loading  precludes  any  simple  analytic 
solutions,  and  the  problem  must  be  solved  numerically.  Con¬ 
sequently,  a  straightforward  numerical  model  which  relied  on 
simplification  to  axial  symmetry  and  an  effective  ID  duct  and 
heat  conduction  approximation[l]  was  developed  from  the 
basic  shell  equations[2]  with  included  thermal  loading[3]. 

The  model  was  benchmarked  against  a  standard  finite  element 
code  with  good  agreement,  and  for  the  sake  of  brevity  it  will 
not  be  described  further  here. 


Table  1 


1  NOMINAL  FLAT  ELEMENT  DESIGN  PARAMETERS  | 

AIA*e 

Cooi^ 

FC-7S 

YbungV  Modite 

M 

GPa 

BuA  Coolanl 

205 

K 

Thormil  CondudMIy 

U 

MttiVm  K 

Praaaura 

1A0 

AOn 

Ihannal  txpmnkon 

E-6/K 

Fraquancy 

110 

GHz 

TmtoFaAn 

S50 

MPa 

Claar  Aparbaa 

100 

nvn 

Compruilv*  Falur« 

43t 

MPa 

TWdtnaas 

1.70 

Iran 

Suriaoa 

AO 

mni 

Coolant  Ouct  Gap 

0.70 

mm 

Stress  and  boiling  limited  power  were  calculated  for  candidate 
designs,  with  curvature,  thickness,  and  average  pressure  var¬ 
ied  about  the  values  for  a  nominal  flat  window  design[4], 
shown  in  Table  1.  The  results  supported  the  conclusion  that 
reduced  pressure  stresses  had  enhanced  performance,  with 
curvature  increases  simultaneous  with  either  pressure  in¬ 
creases  or  thickness  decreases  producing  dramatic  beam 
power  in^rovements.  Althou^  curvature  and  thickness 
variations  showed  theoretical  maximum  power  levels  up  to  7 
MW,  minimum  fabrication  limits  on  thickness  meant  coolant 
pressure  variations  at  a  fixed  minimum  thickness  would  be 
more  practical. 

Table  2  shows  a  direct  performance  comparison  of  various 
point  designs.  Ihe  experimental[4]  and  analytic  values  for  the 
reference  flat  window,  flat  window  perormance  using  cavita¬ 
tion  optimized  cooling,  and  a  nominal  curved  window  design 
are  all  shown.  Although  results  indicate  that  better  perfor¬ 
mance  could  be  obtained  with  thinner  elenients  or  more  curva¬ 
ture,  the  curved  design  presented  here  is  a  conservative  transi¬ 
tion  from  the  existing  flat  window  and  should  be  producible 
and  easily  integrated  into  existing  gyrotron  designs.  The 
resulting  2  MW  maximum  power  can,  thus,  be  taken  as  a 
realistic  estimate  of  achievable  performance  for  these  en¬ 
hanced  face  cooled  designs. 

Table  2 


POINT  DESIGN  COMPARISON:  4”  APERTURE,  110  GHZ 


AVa  PRESS 
(atm) 

THICK 

(mm) 

SAG. 

OPTIMIZED 

DIFFUSER? 

RESULT 

POWER 

(NW) 

1.89 

1.75 

0 

N 

EXP 

0.45 

1.89 

1.75 

0 

N 

ANA 

0.44 

1.89 

1.75 

0 

Y 

ANA 

0.67 

Conclusions 

These  results  are  encouraging,  and  indicate  that  an  enhanced 
face  cooled  window  design  could  meet  existing  gyrotron 
window  requirements  with  established  single  crystal  sapphire 
material  technology.  More  detailed  analysis  is  required  to 
investigate  true  limits  but  the  conservative  point  design  indi¬ 
cates  that  gains  of  at  least  4x  con^ared  with  existing  flat 
windows  should  be  possible. 
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Abstract 

The  paper  presents  improved  method  and  results  of  numerical 
sumption  of  processes  of  mode  interaction  in  powerful 
gyrotrons,  calculations  of  the  main  parameters  of  the  differem 
operating  inodes  for  the  110-170  GHz/lMW  gyrotrons. 
Processes  of  the  start-tq)  in  optimized  gyrotron  cavity  and 
mode  interaction  are  discussed. 

Introduction 

In  powerful  gyrotrons  as  the  cavity  radius  (in  wavelength) 
grows  the  spectrum  of  eigenfiequencies  becomes  more  dense, 
mode  conq)etition  becomes  more  acute.  Therefore  it  becomes 
harder  to  set  up  the  operating  mode  when  the  gyrotron  is 
started.  Additionally  as  a  rule  admissible  deviations  of 
gyrotron  parameters  from  the  optimal  ones  in  the  stationary 
regime  decrease  and  the  electron  beam  potential  dqrression 
effects  actions  increase. 

In  this  paper  we  considered  three  versions  of  IMW/CW 
gyrotrons  with  operating  modes  TE19.S  (110  GHz)  and  TE28.7, 
TEsi  *  (170  GHz),  accelerating  voltage  80  kV,  beam  current 
/«40  A  [1,2]. 

Method  of  calculations 

Relativistic  gyrotron  equations  obtained  at  the  assumption  of 
unfixed  RF  field  structure  and  suitable  for  any  accelerating 
voltage  C/o  [3]  are  used.  For  non-stationaiy  multimode 
oscillation  case  to  study  mode  interaction  process  gyrotron 
equations  were  generalized  [4]  and  integrated  using  of 
Laplase  transformation  [Sj.  Electron  velocity  spread  was 
rq}resented  with  the  Gaussian  distribution  fiin^on  over 
rotational  velocities  yl(vi)=y;j,«xCjq)[-4(ViA'xo-l)V(6vjJ^], 
which  at  moderate  currents  corresponds  to  the  calculated  and 
e)q>erimental  data  [1,2].  The  cavity  RF  ohmic  losses  ( l/0otei) 
are  assumed  to  be  twice  exceeded  simulated  those  for  ideal 
co|q)er.  It  is  agreed  with  the  results  of  measurements  goto  for 
nun-wave  gyrotron  cavities.  The  dependence  of  parameters  of 
an  electron  beam  on  Uo  at  the  front  of  a  pulse  was  defined 
from  adiabatic  theory  of  the  gyrotron  electron  guns,  when  an 
anode  voltage  is  proportional  to  Uo. 

Cavity  optimisation  and  mode  interaction 
At  the  optimal  value  of  the  magnetic  field  Bq  the  RF  field 
longitudinal  structure  y(r)  is  veiy  close  to  field  structure  of 
“cold"  cavity  (without  electron  beam).  Therefore  some 
important  gyrotron  characteristics  can  be  determined  in  a 
fixed  field  structure  approximation.  The  Fig.l  shows  results 
of  simulation  of  gyrotron  with  operating  mode  TEio  j  and 
optimized  cavity  profile  [6].  In  the  nonoptimal  regimes  and 
on  the  bottom  branches  of  curves  tj(Bo),  the 

distinctions  of  exact  and  approached  settlement  results  grow 


owing  to  unfixing  field  structure.  It  can  essentially  affect 
interaction  of  modes. 


TEijj  mode  on  the  value  of  the  magnetic  field  in  the  cavity,  Bo. 
(solid  curves  -  fixed  structure,  dashed  -unfixed  one,  L/b=80  kV, 
g=Vio4'*i)=l-4,  /=30A  6vx=0). 


Fig.2.  Efficiency  u  versus  specific  Ohmic  power  losses. 


The  cavity  profile  was  smoothed  in  input  and  output  [6],  Its 
diffraction  {2*f3Ctor  is  near  to  minimum  diffraction  one.  The 
optimization  of  a  cavity  profile  was  produced.  Fig.2  shows 
opportunities  of  optimization  of  the  170  GHz  gyrotron  cavity. 
Increasing  of  Uo  from  80  kV  up  to  100  kV  gives  5% 
decreasing  of  the  efficiency.  Smoother  profiles  deteriorate 
mode  selection  over  their  longitudinal  indexes. 

In  the  gyrotron  operating  at  the  TE195  mode  the  most 
dangerous  is  the  parasitic  mode,  TEigs,  with  the  starting 
current  close  to  the  minimum  Oer^C.TJopd-  In  the  fixed  field 
structure  approximation  stationary  oscillations  of  TEu  s  mode 
are  stable.  Fig.3  shows  the  plane  of  relative  amplitudes  of  the 
fields  of  the  operating  and  parasitic  modesy;„  19  s  andy^i*  j 
is  maximum  value  of  funrtion  /z))  with  phase  trajectories  at 
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difierent  starting  conditions  and  optimal  value  of  the 
magnetic  field.  The  simulation  with  unfixed  field  structure 
give  us  qualitative^  different  results  (Fig.4).  Parasitic  TEu  s 
mode  oscillations  are  unstable.  Instead  of  them  double  mode 
twD-fiequency  oscillations  are  established. 


Fig.3.  Phase  plane  of  the  qierating  TEi»  mode  and  parasitic 
TEii5  mode  (fixed  field  structure). 


Fig.4.  Plane  of  relative  amplitudes  of  the  operating  TEwj  mode 
and  parasitic  TEiu  mode  with  unfixed  field  structure. 


Fig.S.  Plane  of  relative  an^litudes  of  the  operating  TEn  j  mode 
and  parasitic  TE3at  mode  with  unfixed  field  structure. 


The  accuracy  of  the  fixed  structure  field  approximation  grows 
with  reduction  of  (grating  beam  current  and  detuning  of 
working  and  parasitic  modes  cut  off  fiequencies.  In  the 
gyrotron  with  a  working  mode  TEju  the  stationary 
oscillations  of  a  parasitic  mode  TE30.1  arc  stable  as  with  fixed, 


and  nonfixed  field  structure  (Fig.  S).  Similar  results  have 
been  obtained  also  for  the  TE2g.T  operating  mode. 

Stationary  single-mode  oscillations  of  operating  modes  stay 
stable  when  other  parasitic  modes  are  taken  into  account  In 
this  case  the  simulations  with  fixed  and  unfixed  field 
structure  qualitatively  the  same. 

Operating  mode  start-up 

The  parasitic  mode  (TE20.5  or  TE29.7 ,  TE32.S)  is  excited  at  the 
fiont  of  accelerating  voltage  pulse.  Then  it  is  broken  and  the 
operating  mode  (TE19.S  or  TE2g.7  ,  TE31.8)  is  raised.  The 
stationary  oscillations  of  the  operating  mode  are  st^le.  At  the 
radius  of  an  electron  beam  Ro  less  than  the  (q)timum  on  the 
0.2  mm  instead  of  an  qwrating  mode  (TE2g.7  or  TEsu)  a 
parasitic  one  (TE2s.g  or  TE2S.9)  can  be  established.  To  improve 
of  the  gyrotron  operation  stability  it  is  useful  to  enhance  the 
beam  radius  Ro  in  comparison  with  the  optimum  one.  The 
deviation  Uo  fiom  stationary  value  80  kV  at  the  flat  of  a 
pulse  should  be  less  than  1%. 

Ion  compensation  of  the  space  charge 

The  potential  depression  at  the  cavity  in  the  beginning  of  the 
voltage  pulse  is  near  5  kV  for  a  current  40  A.  Then  space 
charge  of  an  electron  beam  is  compensated  by  positive  ions 
[7].  It  leads  to  .decreasing  firequency  at  0.04%  (owing  to 
reduction  of  cyclotron  fiequency  on  1%),  and  the  efficiency 
maximum  on  3%  (due  to  r^uction  of  the  pitch-factor  on  0. 1). 
The  compensation  effect  can  explain  the  distinction  of  the 
dq)endencies  tj(Bo)  for  short  pulse  (up  to  0.01  s)  and  long 
pulse  (more  than  0. 1  s)  gyrotrons. 

Conclusions 

The  parameters  of  the  cavity  were  optimized  with  the  purpose 
to  increase  the  gyrotron  efficiency  and  to  reduce  thermal  load 
of  the  cavity.  An  opportunity  of  achievement  of  the  efficiency 
32-42  %  is  shown  at  the  cavity  RF  ohmic  losses  power  Pohm 
less  than  2-2,5  kW/cm^ .  The  mode  competition  is 
considered.  At  the  starting  regime  of  gyrotrons,  a  single- 
frequency,  single-mode  operation  is  established.  It  is  shown 
the  effect  of  ion  compensation  on  electron  beam  space  charge 
at  long  pulse  duration  is  essential. 
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Abstract 

Complete  gyrotron  oscillators  in  axial  arrangement 
including  cavity,  uptapers,  pumping  sections,  collector 
waveguide  and  window  are  numerically  simulated  using 
a  scattering  matrix  resonator  code.  Ibe  ou^ut  mode 
purity  and  the  influence  of  window  reflections  on  the 
performance  of  the  step-tunable,  very  high  frequency 
gyrotron  FU  IV  A  at  Fukui  University  are  analyzed. 

Introduction 

The  Gyrotron  FU  IV  A  at  Fukui  University  is  a  stepwise 
tunable  medium  power  very  high  frequency  gyrotron. 
The  field  intensity  of  its  magnet  can  be  increased  up  to 
17  T  and  therefore  frequency  tunabilides  up  to  424  GHz 
by  fundamental  operations,  up  to  873  GHz  by  second 
harmonic  operations  have  been  demonstrated  and  up  to 
1.324  THz  by  third  harmonic  operations  are  expected 
[1].  In  order  to  keep  the  starting  currents  low  especially 
for  higher  harmonics  the  cavity  must  have  a  high  quality 
factor  Qp.  To  avoid  conversion  of  the  cavity  mode  to 
spurious  modes  and  also  to  shorten  the  interaction  length 
the  FU  IV  A  cavity  has  an  optimized  design  including 
nonlinear  tapers  together  with  a  roimded  iris  at  the 
output  [2].  However,  due  to  the  axial  output  of  the 
gyrotron  and  the  large  operating  frequency  range,  mode 
conversion  in  the  output  section  following  the  cavity  and 
reflections  at  the  output  window  have  to  be  taken  into 
account. 

Scattering  Matrix  Formalism 
To  determine  the  resonance  frequencies,  quality  factors 
and  mode  compositions  of  the  cavity  a  scattering  matrix 
formalism  (SM-code)  is  used  [2].  Here  the  resonator  is 
divided  into  a  large  number  of  diameter  steps,  each  of 
them  represented  by  a  scattering  matrix.  Starting  from 
the  center  of  the  resonator  they  are  combined  into  two 
overall  scattering  matrices,  one  for  the  rear  (S;^)  and  one 
for  the  front  part  of  the  resonator  (^).  After  solving  the 
eigenvalue  problem: 

(§22A«  ^IB  "•  input  and  output  reflection,  a  ...  eigenmode 


vector,  A  ...  eigenvalue)  the  amplitude  profile  of  each 
mode  in  the  resonator  can  be  calculated  by  a 
backcascading  process.  The  total  quality  factor  including 
ohmic  losses  and  mode  conversion  is: 


«•*! 


(2) 


|Bp 


(ko  is  the  free  space  wavenumber,  A„  is  the  modal  vector 
in  section  n,  B  contains  the  radiated  modal  amplitudes  at 
both  ends  of  the  resonator,  4  is  the  length  of  section  n, 
kjn  is  the  longitudinal  wave  number  in  section  n).  By 
neglecting  the  attenuation  due  to  ohmic  losses  Eq.(2) 
gives  in  the  diffractive  quality  factor  Q^. 

Calculations 

The  cavity  and  the  output  window  are  optimized  for  the 
TE, ,  mode  at  second  harmonic.  A  resonance  calculation 
using  the  optimized  cavity  [2]  reveals  a  resonance 
frequency  of  873.72  GHz  with  an  output  mode  purity  of 
99.37%  and  a  quality  factor  of  Qd=1  18737.  The  FU  IVA 
multilayer  output  window  consists  of  a  sapphire  plate 
(£,=9.40)  between  two  quartz  discs  (£,=3.83)  in  order  to 
achieve  a  larger  bandwidth  of  the  transmission.  The 
calculated  reflection  of  the  window  with  the  geometry 
shown  in  Fig.l  is  plotted  in  Fig.2.  The  reflection  shows 
a  minimum  close  to  the  resonance  frequency  of  the  TE, , 
mode.  The  complete  gyrotron  geometry  including  output 
tapers  straight  sections  and  output  window  is  shown  in 
Fig.3.  The  output  mode  suffers  from  conversion  into 
spurious  modes  in  the  linear  output  tapers  following  the 
cavity.  Fig.4  shows  the  calculated  modal  powers  along 
the  length  of  the  second  linear  taper,  taking  into  account 
an  input  of  100%  TE, ,.  The  resonance  calculation  using 
the  SM-Code  can  be  performed  taking  into  account  the 
complete  gyrotron  geometry  including  the  pumping 
sections  (slots)  and  the  window.  The  output  section 
reduces  drastically  the  mode  purity.  The  quality  factor  is 
also  varied  due  to  the  reflection  from  the  window  which 
acts  as  an  additional  feedback  to  the  cavity  and  leads  to 
an  increase  or  decrease  of  Q^,  depending  on  the  amount 
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and  phase  of  the  reflected  resonant  mode.  Hiis  is 
especially  interesting  for  modes  with  high  reflection 
coefficients  at  the  window.  Table  1  shows  a  comparison 
of  ou^ut  mode  purities  and  quality  factors  for  different 
modes  at  different  harmonics  for  the  calculation  with  the 
cavity  only  and  with  the  complete  geometry. 

Conclusions 

A  gyrotron  with  axial  outyut  acts  like  a  complex 
resonator  due  to  feedback  from  the  outyut  window  to  the 
cavity.  Therefore  the  complete  geometry  has  to  be  taken 
into  account  in  order  to  get  correct  values  for  output 
mode  purity  and  quality  factors  which  also  effects  the 
calculation  of  starting  currents.  The  output  mode  purity 
can  be  significantly  inq)roved  by  applying  nonlinear 
Uq)ers  also  in  the  outyut  section  following  the  cavity. 
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Fig.l  Geometry  of  the  FU IV  A  gyrotron  output  window 


Fig.2  Calculated  window  ruction  of  the  TEj  f  mode 


Fig.3  Geometry  of  the  complete  FU  IV  A  gyrotron 
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Fig.4  Mode  conversion  in  the  linear  ^10— >^20mm  taper 


mode 

^[GHz] 

cavity 

Qd 

complete  tube 

Qd  r\l%]  R,[%] 

TE,, 

273.53 

1326 

99.99 

2205 

90.25 

7.44 

■re,.. 

307.47 

1624 

99.99 

14234 

69.27 

27.78 

TE,j 

361.45 

3349 

99.73 

6094 

88.38 

23.36 

re^ 

373.80 

3430 

99.96 

3294 

94.91 

4.21 

■re,j 

604.92 

19219 

99.88 

18545 

88.65 

13.80 

757.53 

sms 

99.56 

48315 

82.22 

17.63 

■re,.. 

768.38 

61248 

99.53 

43589 

71.08 

39.57 

re,^ 

873.72 

118737 

99.37 

165884 

70.67 

3.33 

1022.25 

301240 

98.73 

951200 

43.58 

45.50 

1034.28 

338571 

98.67 

269579 

74.73 

10.73 

Tab.l  Calculated  resonance  frequencies  (f,J,  diffractive  quality  factors  (Q^)  and  output  mode  purities  (r\) 
for  both  the  FU  IV  A  cavity  and  the  complete  gyrotron  as  well  as  window  reflection  coefficients  (RJ. 
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Abstract 

Coaxial  waveguides  coupled  to  longitudinal  slots  are  used 
in  some  RF  vacuum  electronic  devices  such  as  magnetrons, 
crossed  field  amplifiers  and  gyrotrons  The  Generalized 
Spectral  Domain  (GSD)  method  provides  a  fast,  accurate 
and  numerically  efficient  mean  to  calculate  the  cut-off 
wavenumbers  of  the  eigenmodes  of  such  composite  coaxial 
waveguides.  Plots  of  the  field  lines  of  a  few  modes  for  typical 
structures  are  presented. 

Introduction 

The  traditional  method  used  to  calculate  the  field  characteris¬ 
tics  of  coaxial  waveguides  with  longitudinal  slots  on  the  inner 
or  outer  conductor  is  based  on  the  mode-matching  procedure. 
This  technique  is  used  with  diverse  degrees  of  approximation 
to  design  crossed-field  devices  such  as  the  magnetrons  and  the 
crossed-field  amplifiers  [1].  It  has  also  been  applied  to  study 
some  peculiar  RF  structures  of  harmonic  gyrotrons  [2]-[3]. 

However,  this  approach  is  not  well  suited  for  an  accurate  de¬ 
termination  of  the  fields  amplitudes  in  particular  in  the  vicinity 
of  the  common  surfaces  of  the  slots  and  of  the  coaxial  waveg¬ 
uide.  This  issue  would  be  particularly  critical  for  any  attempt  to 
model  the  electron  dynamics  in  a  magnetron  with  a  field  theo¬ 
retical  approach. 

The  Generalized  Spectral  Domain  method  (GSM),  which 
has  been  used  in  [4]  to  study  composite  hollow  waveguides, 
is  extended  here  to  analyse  rigorously  azimuthally  periodic 
slottcd-circular  coaxial  waveguides.  This  method  provides  an 
efficient  way  to  find  the  cut-off  frequencies  of  such  RF  structures 
and  to  investigate  their  transverse  modal  field  distributions. 

Description  of  the  Method 

The  GSD  method  applied  to  a  composite  waveguide  consists  in 
short-circuiting  the  coupling  surfaces  and  in  replacing  the  tan¬ 
gential  electric  field  at  their  boundary  by  two  surface  magnetic 
currents  on  both  sides  of  the  short-circuit.  The  continuity  of  the 
tangential  electric  field  across  each  boundary  is  ensured  by  im¬ 
posing  that  the  two  surface  magnetic  currents,  which  are  to  be 
computed,  are  equal  in  magnitude  but  opposite  in  direction. 

The  projection  of  the  electromagnetic  field  of  the  isolated 
waveguides  on  their  respective  eigenmodes  leads  to  relations  be¬ 
tween  the  expansion  coefficients  and  the  surface  magnetic  cur¬ 


rents.  A  characteristic  set  of  equations  of  the  type: 

[Y]V  =  0, 

is  obtained  by  expanding  the  surface  magnetic  currents  on  a  set 
of  basis  functions  (moment  method)  which  satisfies  the  edge 
condition  and  by  testing  the  continuity  of  the  tangential  mag¬ 
netic  excitation  on  the  same  set  (Galerkin’s  procedure).  In  the 
above  relation,  V  is  the  column  voltage  vector  which  elements 
are  the  expansion  coefficients  of  the  surface  magnetic  currents. 
[Y]  is  the  matrix  admittance  which  terms  are  functions  of  the 
cut-off  wavenumbers  kc  of  the  composite  waveguide.  These 
searched  cut-off  wavenumbers  singularize  the  admittance  ma¬ 
trix.  The  field  disuibution  of  the  eigenmodes  of  the  waveguide 
are  determined  with  the  calculated  voltage  eigenvectors  V. 

In  principle,  as  long  as  the  translational  symmetry  in  the  lon¬ 
gitudinal  direction  is  preserved,  the  above  described  procedure 
can  be  applied  to  any  composite  waveguide  structure,  regardless 
of  the  shape  of  the  cross-sections  of  the  waveguides  taken  sepa¬ 
rately.  However,  for  azimuthally  periodic  slotted-circular  coax¬ 
ial  waveguides,  the  procedure  can  significantly  be  simplified. 
According  to  Floquet’s  theorem  and  taking  into  account  the  re- 
entrancy  condition,  the  phase  difference  of  the  electromagnetic 
field  between  adjacents  slots  is  27rpfN.  N  is  the  number  of  slots 
and,  in  the  nomenclature  of  magnetron  mode  identification  [1], 
the  integer  p  is  the  mode  number.  This  phase  relation  reduces  the 
numerical  implementation  of  the  GSD  method  to  one  single  slot. 

For  the  T E  modes,  which  are  of  practical  interest,  and  for  an 
azimuthally  periodic  coaxial  waveguide  with  N  slots  cut  in  the 
outer  conductor,  the  continuity  of  the  axial  magnetic  excitation 
across  a  slot  is  tested  by  considering  the  set  of  functions: 

=  N;^Qp,  {kl„r, 
for  the  coaxial  waveguide,  and: 

iklmr,kl„{r,  +  h)) 

for  the  slot,  where  -6/2  <<i><  6/2  and: 

QA^,y)  =  Mx)Yl[y)  -  Jl{x)Y,{y). 

The  other  parameters  are  defined  as  follows:  and  are 

normalization  factors,  and  ^  are  the  cut-off  wavenum¬ 
bers  for  the  T E  modes  of  the  coaxial  and  slot  waveguides  re¬ 
spectively,  6  is  the  angle  subtended  by  each  gap  space  between 
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slots  of  the  outer  conductor,  r,-  and  r<,  are  the  radii  of  the  in¬ 
ner  conductor  and  of  the  outer  conductor  respectively,  h  is  the 
depth  of  each  slot.  For  each  spatial  harmonic  indexed  by  integers 
n  =  0,  ±1,  ±2, ...,  the  azimuthal  wave  numbers  p„  are  related 
to  the  mode  numbers  p  by  the  relations  p„  =  p  -f  nN.  The  axial 
magnetic  surface  current  is  projected  on  the  basis  functions; 


/  =  0,2,4..., 


and: 


/  =  1,3,5..., 


where  the  coefficients  and  are  normalization  factors. 
These  functions  satisfy  the  edge  condition  for  an  edge  angle  of 
7r/2. 


Application  to  Magnetron-Like  Structures 

The  GSD  method  is  applied  to  the  well-known  A6  magnetron 
developped  by  A.  Palevsky  and  G.  Bekefi  at  MIT  in  1979  [5]. 
This  magnetron  consists  of  an  anode  of  radius  Vc  of  2.11  cm  and 
of  a  cathode  of  radius  r,-  equal  to  1.58  cm.  The  six  vanes  cut  in 
the  anode  block  have  a  depth  h  of  4.11  cm.  These  slots  have  an 
opening  0  of  20®.  The  discrete  set  of  cut-off  frequencies  plot- 
ted  on  the  dispersion  diagrams  of  Fig.  1  for  the  two  first  pass- 
bands  shows  that  our  calculations  are  in  agreement  within  3  % 
with  those  presented  in  [5]. 


Fig.  1:  Dispersion  diagrams  for  the  A6  magnetron  structure, 
(x):  calculations  of  [5]  (o):  our  calculations. 


We  finally  illustrate  the  robustness  of  the  GSD  method  for 
slotted-circular  coaxial  waveguides  by  jq)plying  it  to  a  structure 
with  sixteen  slots  cut  in  the  outer  conductor.  The  ratio  of  the  in¬ 
ner  conductor  to  the  outer  conductor  r,- / is  0.6.  The  ratio  h/vo 
is  0.5.  The  vanes  have  an  opening  of  13.5®.  Fig.2  shows  the  elec¬ 
tric  field  lines  of  the  mode  belonging  to  the  first  passband  with  a 
phase  shift  per  vane  of  tt.  The  reduction  of  the  slot  depth  would 
lead  to  the  mode  pattern  of  the  whisperring-gallery  mode  TEsi 


for  a  coaxial  waveguide.  Fig.3  shows  the  modal  field  distribu¬ 
tion  of  the  mode  belonging  to  the  second  passband  with  field  in 
phase  from  vane  to  vane. 


Fig.  2:  Electric  field  lines  of  the  TEsi- 
like  mode 


Fig.  3:  Electric  field  lines  of  the  TEqi- 
like  mode 

Acknowledgements 

The  authors  are  indebted  to  the  Deutsche  Forschungsgemein- 
schaft  for  financial  support.  One  of  them  (J.-Y.  R.)  would  like  to 
thank  Mr.  C.  Rieckmann  and  Mr.  J,  Jelonnek  from  Technische 
Univcrsital  Hamburg -Harburg  for  many  useful  discussions. 

References 

[1]  Microwave  Magnetrons,  edited  by  G.  B.  Collins,  McGraw- 
Hill.  New  York,  1948. 

[2]  H.Li.et.  al../rtr.  7.  £/ec/n9n/cj,  vol.65,pp.  409-418, 1988. 

[3]  H.  Li,  el.  al.,  Inl  J.  Electronics,  vol.  70,  pp.  213-219, 1991. 

[4]  A.  S.  Omar.,  ct.  al.,  IEEE  Trans,  Microwave  Theory  Tech., 
vol.  42,  pp.  2139-2148, 1994. 

[5]  A.  Palevsky  and  G.  Bekefi,  Phys.  Fluids,  vol.  22,  pp.  986- 
996,  1979 


T5.2 


160 


EIGENMODES  QF  MICROWAVE  CAVITIES  CONTAINING  HIGH-LOSS 

DIELECTRIC  MATERIALS 

S.  J.  Cooke,  University  of  Maryland,  College  Park,  MD  20742  and 
B.  Levush,  Vacuum  Electronics  Branch,  Code  6840,  NRL,  Washington  DC  20375 


Abstract 

The  numerical  determination  of  the  electromagnetic  field 
eigenmodes  of  a  microwave  cavity  containing  regions  of 
high'loss  dielectric  material  has  proved  problematic  to  nu¬ 
merical  techniques  [1].  The  Jacobi-Davidson  algorithm  [2] 
is  shown  to  extract  a  set  of  eigenmodes,  even  for  degener¬ 
ate  eigenvalues  and  low  ohmic-Q  cavity  modes.  Examples 
using  2D  and  3D  electromagnetic  operators  are  presented. 

1  INTRODUCTION 

In  electromagnetics,  identifying  modes  of  cavity  structures 
is  equivalent  to  a  matrix  eigenproblem,  obtained  for  ex¬ 
ample  by  finite  difference,  finite  element  or  finite  integra¬ 
tion  methods.  The  ease  with  which  such  problems  may  be 
solved  depends  on  the  mesh  size,  but  also  is  strongly  depen¬ 
dent  upon  the  distribution  of  the  eigenvalues  and  whether 
they  are  real  or  complex. 

Methods  for  eigenvalue  and  eigenvector  computation  for 
large,  linear  systems  of  equations  frequently  require  self- 
adjoint  (Hermitian)  matrices.  Inclusion  of  highly  lossy  ma¬ 
terials  makes  the  related  eigensystem  non-Hermitian,  and 
more  rigourous  techniques  must  be  used. 

2  EIGENVALUE  FORMULATION 

Two  electromagnetic  eigenproblems  will  be  considered: 

1.  Simple  electromagnetic  planar  circuits  for  which  an 
exact  two-dimensional  representation  can  be  found  in  terms 
of  a  single  field  component. 

The  class  includes  rectangular  waveguides  with  H-plane 
bends  and  junctions  or  synunetric  TE  modes  of  cylindri- 
cally  symmetric  cavities.  Such  circuits  have  no  structure  in 
the  third  coordinate,  but  may  include  regions  of  dielectric 
material.  The  following  eigenvalue  form  is  obtained 

{Vi  +  w2f(ri)/io}  £'y(ri)  =  0 

The  cavity  frequencies,  w,  and  mode  structures,  ,Ey(rx). 
are  found  as  solutions  of  this  eigensystem. 

2.  A  3-dimensiona]  electromagnetic  operator  derived  us¬ 
ing  the  finite  integration  method  [3]. 

The  eigenvalue  form  derived  from  Maxwell’s  equations 
is  (in  normalised  units)  the  vector  equation  [1] 

curl  cm\  E  -  grad  div  eE  =  w*cE 

where  the  discretised  components  of  E  form  the  eigenvec¬ 
tor,  and  w®  is  the  eigenvalue. 

The  finite  integration  method  defines  field  components 
using  the  Yee  cell  arrangement  for  which  the  differential  op¬ 
erators  take  a  particularly  simple  form,  and  takes  account  of 
the  permittivity  and  permeability  of  each  cell. 


2.1  Lossy  materials 

Regions  of  complex  permittivity,  representing  Ohmic  loss, 
make  the  discretised  eigensystems  non-Hermitian,  and 
therefore  critically  change  the  characteristics  of  the  solu¬ 
tion.  Solutions  for  such  systems  may  often  be  found  us¬ 
ing  methods  derived  for  Hermitian  systems,  provided  that 
losses  are  small  and  eigenvalues  almost  real.  If  highly  lossy 
materials  are  to  be  modelled  successfully,  a  more  rigourous 
approach  is  necessary. 

3  NON-HERMITIAN  EIGENSYSTEMS 

A  generalised  linear  matrix  eigensystem  can  be  written  in 
the  form 

Ax  =  ABx  (1) 

The  column  vector  x  satisfying  (1)  is  an  eigenvector  of  the 
system  {A,B},  with  corresponding  eigenvalue,  A.  Forma- 
trices  which  are  not  Hermitian,  it  is  possible  to  formulate  a 
second,  related  eigenproblem  as  follows. 

yA  =  AyB  or  Ay  =  ByA  (2) 

where  y  is  a  row  vector.  The  vector  y  satisfying  (2)  is 
a  /e^-eigenvector  of  the  system  {A,B},  with  correspond¬ 
ing  eigenvalue,  A.  For  a  given  generalised  eigensystem  de¬ 
scribed  by  {  A,B},  pairs  of  left-  and  right-eigenvectors  have 
equal  eigenvalues,  though  the  eigenvectors  are  not  neces¬ 
sarily  equal.  The  left  and  right  eigenvectors  possess  a  mu¬ 
tual  orthogonality  relationship,  such  that  each  left  (right) 
eigenvector  with  corresponding  eigenvalue  A  is  orthogonal 
to  each  right  (left)  eigenvector  of  a  different  eigenvalue. 

4  THE  JACOBI-DAVIDSON  METHOD 

The  iterative  Jacobi-Davidson  technique  is  applicable  to 
eigenproblems  of  the  generalised  form  (1).  Here,  it  has  been 
extended  to  operate  with  independent  left  and  right  sub¬ 
spaces,  so  that  the  left  and  right  eigenvectors  may  be  repre¬ 
sented  effectively  for  non-Hermitian  problems.  In  the  stan¬ 
dard  method,  a  single  subspace  is  used,  for  which  the  theory 
is  well  described  by  Sleijpen  era/.  [4].  At  each  iteration,  the 
subspace  is  updated  by  obtaining  an  estimate  of  the  correc¬ 
tion  to  each  approximate  eigenvector  using  Jacobi 's  orthog- 
on^  component  correction  (JOCC)  method.  For  systems 
which  are  not  self-adjoint,  however,  the  subspaces  spanned 
by  the  eigenvectors  corresponding  to  a  given  set  of  eigen¬ 
values  will  be  different  and  separate  subspaces  should  be 
maintained.  This  has  been  suggested  in  connection  with  the 
original  Davidson  method  [5]. 

The  modified  Jacobi-Davidson  method  for  non- 
Hermitian  systems  obtains  separate  subspace  corrections 
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using  JOCC  steps  on  the  left  and  right  eigenvector  residuals 
in  a  single  procedure. 

5  EXAMPLE  GEOMETRffiS 
5.1  2D  geometries 

Two-dimensional  (planar  circuit)  permit  accurate  solutions 
to  be  obtained  for  realistic  structures  with  a  moderate  num- 
b«  of  unknowns,  typically  10^  to  10®.  Two  examples  are 
given  here. 

1.  Thefirstexampleconsistsofa2nunx2mm  square  col¬ 
umn  of  lossy  dielectric  material  (er=10-2i)  located  centrally 
in  a  20mmx20mm  square  cavity,  discretised  on  a  100  x  100 
cell  grid.  The  following  table  shows  the  real  and  imaginary 
components  of  the  complex  eigenffequency  and  the  cavity- 
Q  for  the  first  eight  cavity  eigenmodes.  Degenerate  eigen¬ 
values  converged  to  the  limit  of  numerical  round-off  error. 


Mode 

Complex  FreqyGHz 

Q 

1 

6.2145185 

0.48687 

6.38 

2/3 

13.8931731 

0.807264 

8.60 

4 

16.6253632 

0.370592 

22.43 

5/6 

19.8161824 

0.636433 

15.56 

7 

20.5588852 

0.485044 

21.19 

8 

23.1571167 

0.394130 

29.37 

2.  Rgure  1  shows  an  eigenmode  of  a  cavity  in  a  cylin- 
dricd  geometry,  loaded  with  a  lossy  ceramic  ring.  The  per¬ 
mittivity  of  the  ceramic  was  er=12.24,  with  loss  tangent  0.3. 
Localised  modes  in  the  ceramic  having  Q<4  were  also  ob¬ 
served. 


z-coordinate  (m)  ,  .-3 

X  10 


Figure  1:  Gyroklystron  cavity  mode  at  93.37GHz 


more  cells  are  necessary  to  represent  a  volume.  Two  prob¬ 
lems  illustrate  the  effectiveness  of  this  method  for  finding 
eigenmodes. 

1.  A  perfectly  cubic  cavity  with  a  symmetric  discreti¬ 
sation  provides  an  excellent  test  for  separation  of  degen¬ 
erate  eigenvalues.  This  method  successfully  identified  the 
six-fold  eigenvalue  degeneracies  of  this  structure,  correct  to 
round-off  error  (approx  10“^^). 

2.  The  final  test  example  follows  Schmitt  et  al.  [1]  and 
consists  of  a  cavity  2()mmx20mmx  lOnun  with  a  lossy  di¬ 
electric  block  (£r=10-2i)  7mmx7mmx8mm  located  cen¬ 
trally  on  the  square  cavity  floor.  The  following  results  were 
obtained  using  a  40x40x  10  cell  mesh  with  approximately 
4.8  X  10^  unknowns; 


Mode 

FreqyGHz 

Q 

1  FreqyGHzfl]  I 

1 

6.1384 

0.2810 

10.92 

6.161 

0.278 

2/3 

9.0865 

0.7790 

5.83 

9.091 

0.780 

4/5 

11.316 

0.7583 

7.46 

11.39 

0.759 

6 

11.416 

1.0386 

5.49 

11.42 

1.104 

7 

13.250 

1.1593 

5.71 

13.25 

1.161 

8 

13.618 

0.8746 

7.78 

13.66 

0.870 

9/10 

13.667 

0.8750 

7.81 

13.78 

0.860 

The  method  used  here  is,  however,  better  applicable  to  such 
non-Hermitian  systems,  and  converges  uniformly  even  for 
loss  tangents  greater  than  one. 


6  CONCLUSION 

The  Jacobi-Davidson  method  successfully  identifies  eigen¬ 
modes  of  complex  cavities  containing  highly  absorbing  ma¬ 
terials.  Additionally,  there  is  no  requirement  for  estimation 
of  ex^eme  eigenvalues,  and  the  solution  may  be  seeded  for 
iterative  refinement.  The  method  has  been  shown  to  be  an 
attractive  algorithm  to  aid  the  design  of  microwave  cavities 
containing  highly  absorbing  materials. 

This  work  was  supported  by  the  Office  of  Naval  Re¬ 
search.  The  computational  work  was  supported  in  part  by 
a  grant  of  HPC  time  from  the  DoD  HPC  Center  NAVO. 


The  following  table  shows  good  agreement  for  two  simi¬ 
lar  cavities  between  eigenmodes  determined  by  (a)  this  cal¬ 
culation  and  (b)  a  scattering  matrix  calculation; 


Mode: 

TEoii 

TEo12 

TEoi2 

TEoi2 

(a)  f 
Q 

93.377 

174.198 

103.095 

51.941 

92.867 

187.077 

102.517 

53.654 

(b)  f 

Q 

93.491 

168.767 

103.396 

46.864 

92.929 

169.635 

102.736 

47.045 

These  values  are  also  in  excellent  agreement  with  experi¬ 
mental  cold-test  data. 


5.2  3D  geometries 

With  three-dimensional  geometries,  problem  size  increases 
since  there  are  three  components  in  each  cell,  and  many 
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Abstract 

A  new  MAGY  code  is  being  developed  for  numerical 
modeling  of  electrcm  beam  devices.  The  code  includes  a  time 
dq)CTdait  quasi-thre©-dimaisi(Mial  description  of  the  fields 
and  electrons.  The  fields  and  the  particles  trajectories  are 
calculated  self  consistaitly  for  an  arbitrary  profile  of  the 
circular  waveguide  (including  discontinuities).  The  time  scale 
for  updating  the  electromagnetic  fields  is  the  cavity  fill  time. 
The  code  requires  relatively  modest  computing  resources. 


Introduction 

In  this  work  we  present  the  recent  development  of  a  new 
MAGY  code.  In  this  version,  as  in  the  precoding  one  [1],  we 
utilize  the  reduced  desaiption  of  the  system,  namely,  the 
modal  decomposition  of  the  fields  into  the  transverse  electric 
(TE)  and  transverse  magnetic  (TM)  modes  of  the  waveguide. 
The  complex  amplitudes  of  the  modes  satisfy  the  transmission 
line  equations  vdiere  there  is  coupling  among  the  modes  due 
to  the  variation  of  the  wall  radius.  We  assume  that  all  the 
electrons  traverse  the  interaction  region  in  a  fi'action  of  the 
cavity  fill  time,  and  that  the  Larmor  radius  is  much  smaller 
than  the  cavity  length  scale.  Therefore,  the  beam  dynamics  is 
described  launching  aisembles  of  particles  each  time  step, 
computing  their  trajectcMies  and  deducing  the  current  sources 
for  the  electromagnetic  fields.  Since  the  computed  fields  are 
used  as  the  driving  force  of  the  electrons,  we  obtain  a  self- 
consistent  description  of  the  syston.  In  what  follow  we  briefly 
desoribe  the  code  and  bring  examples  of  its  operation. 

Description 

Our  derivaticMi  of  the  transmission  line  equations  for  the  TM 
amplitudes  and  TE  amplitudes  follows 

Reiter  [2]: 


2 

J-Jf-  =  r/ KV,'  +  M,v,"  -  a-i;  -  /?„//'  -  J- 

ik  V*  =  -  *  4.  jr'  X  /' 


fn 


2  d 

c  dt  *  *  dz  w  ‘'ri 


=  A/; 


where  J projection  of  the  electronic 
current  on  the  electromagnetic  modes.  Unlike  the  smooth 
waveguide,  in  the  variable  radius  waveguide  the  modes  are 
coupled.  There  are  three  diffo-ent  coupling  mechanisms.  The 
first  cause  is  the  variation  of  the  wall  radius  ( for  the  TM- 

TM  coupling,  AT*  for  the  TE-TE  coiqjling,  and  for  TE- 
TM).  The  second  cause  of  coupling  is  the  finite  conductivity 
of  the  walls  ,al."  The  last  is  the  coupling 

of  the  modes  through  the  fwce  t«m  in  the  equations  of 
motion  (see  below).  The  electron  trajectories  are  computed 
using  the  following  form  of  the  equations  of  motion: 


P.  ^  ito  P, 


2/>, 


p, +  '>,  =  r^x«p{/r}  .  p.  =  rP. 


K,  =  Wy-P.K', 


Here  ’^ipyis  the  transverse  momentum  of  the  electron. 


p^  the  longitudinal  mOTieatum,  Wyj  mi  Qj  are  the 

coupling  terms  of  the  fields  to  the  electrons.  These  equations 
include  coupling  between  TE  and  TM  modes,  inclusion  of 
modes  above  cutoflE;  and  arbitrary  profile  of  the  axial 
magnetic  field. 


Results 

As  an  example  we  analyze  the  two  cavity  gyro-klystron 
device.  The  geometry  of  the  cavity  is  described  in  Fig.  la 
(dotted  line).  In  the  calculations  we  use  5  TE  modes  (TEqj  - 
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TEo5  ).  For  flie  computation  of  the  rescmance  frequency  of  flie 
input  cavity  and  output  cavities,  we  assign  initial  Gaussian 
profile  to  file  TE^j  and  follow  the  time  develc^ment  of  flie 
field.  After  the  transient  time,  the  decay  rate  of  die  nmplitudf 
r^re^ts  tiie  Q  of  the  cavity  and  the  slow  time  variaticm 
desCTibes  the  frequency  shift.  For  the  input  cavity  we 
simulated  the  dififractive  Q  by  an  equivalent  surfrce 
conductivity.  We  obtain  a  resonance  frequenty^  of 
34.7855GHz.  ■  This  resonance  is  97MHz  lower  tbnn  the 
measured  rescmance  frequency.  When  we  use  only  one  TE 


. -Cavity 


norm.  amp. 


Figure  1  :  The  externally  driven  two  cavity  Gyro-Klystron, 
a.  The  fundamental  mode  for  two  values  of  the  axial  magnetic 
field.  B.  The  high  order  modes. 

mode  the  disa^eement  is  larger  (282MHz).  For  the  output 
cavity  we  obtain  a  Q  value  of  about  200  and  a  resonance 
frequency  of  34.845GHz  which  is  33.5MHz  lower  than  the 
measured  frequency  (34.8785GHz),.  In  our  opinion,  the 
discrepancy  between  the  calculated  and  measured  resonance 


frequencies  is  mainly  due  to  the  inaccuracy  of  the  coupling 
matrices  we  currently  use  at  the  point  of  discontinuity.  A 
bettffl’  represratation  of  the  mode  coupling  is  curroitly  being 
developed.  For  tiie  analysis  of  the  systan  with  the  electron  we 
excite  the  TEqj  mode  at  the  input  cavity  (the  current  model  of 
excitation  does  not  repres«it  the  exact  coaxial-cavity 
excitation  used  in  the  esqjoiment).  We  then  allow  the  system 
to  reach  stea^  state.  The  influence  of  intasity  of  the  axial 
magnrtic  field  on  the  inteaction  is  depicted  in  Fig.  la  (solid 
line  ft*-  132kGauss  and  dadied  line  ftjr  13.1kGauss).  The 
change  in  tiie  malefic  field  clearfy  affect  the  eflBcieny  of  the 
sj^em.  The  amplitude  of  the  high  orda-  modes  is  desoibed  in 
Fig.  lb.  As  all  the  modes  are  &r  below  cutoff  th^  are  not 
prc^agating  in  the  systan,  howeva,  at  the  locaticm  of  the 
discontinuities  they  are  excited  and  may  affect  the  eflBciency 
of  interaction. 

. Cavity  - JfTEOI)  . J(TE02) 

J(TE03) - —  J(TE04) - J(TE05) 

arb.  unK. 


Figure  2.  The  projection  of  the  electronic  current  density  on 
the  first  five  TE  modes. 


Fig.  2  describes  the  projection  of  the  electronic  current  onthe 
five  TE  modes.  It  is  evident  that  all  the  terms  are  of  the  same 
orda  of  magnitude.  This  effect  stans  form  the  feet  that  the 
current  is  highly  localized  in  the  transverse  coadinates  and 
thus  the  numba  of  eigen  modes  needed  fa  the  description  is 
high. 

In  conclusion,  we  presented  the  new  MAGY  code  and 
demonstrated  a  few  of  its  capabilities.  Future  wak  will 
address  the  improvraent  of  the  accuracy  of  the  coupling 
terms  at  the  discontinuity  and  the  description  of  interaction 
betweei  the  electrais  and  multiple  harmaiics  (e.g.  the  Gyro- 
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Abstract 

A  simulation  methodology  for  beam-rf  interactions  which 
bridges  the  cost/accuracy  gap  between  PIC  and  “envelope” 
techniques  is  presented.  The  method  utilizes  a  field  expansion 
in  eigenfunctions  of  the  transverse  Laplacian  along  with  an 
algorithm  for  stable  numerical  solution  of  inhomogeneous 
evanescent  differential  equations.  The  resulting  computational 
system  provides  the  user  with  considerable  flexibility  in 
adjusting  simulation  fidelity  versus  costs. 

Introduction 


Present  beam-RF  simulation  techniques  fall  into  roughly  two 
categories,  particle-in-cell  (PIC)  [1,2]  and  “envelope.”  The  PIC 
methods  tend  toward  fiill-physic^geometiy,  and  the  “envelope” 
methods  are  parametric  and  assume  a  priori  knowledge  of  the 
solution.  The  gulf  between  these  two  approaches  can  be 
considerable  making  both  ill  matched  to  many  applications. 
One  problem  with  envelope-type  methods  is  the  inconsistent 
treatment  of  certain  fields,  e.g.  ac  and  dc  space  charge  fields. 
This  is  a  consequence  of  the  evanescent  nature  of  some  ODEs 
resulting  fi-om  the  “envelope”  assumptions.  A  numerically 
stable  means  of  integrating  such  ODEs  would  permit  treatment 
of  all  fields  on  a  computationally  equal  footing.  This  paper 
will  present  an  algorithm  which  permits  stable  and  accurate 
integration  of  the  evanescent  ODEs. 

The  overall  simulation  strategy  is  based  on  expansion  of  all 
fields  in  series  of  orthonormal  eigenfunctions  of  the  transverse 
Laplacian.  Traveling  wave  amplifier  problems  are  addTY^<mH  in 
an  axial-evolution  format  in  which  all  fields  and  sources  are 
self-consistently  solved  in  a  transverse  plane  as  the  plane  is 
shifted  axially.  Both  propagating  and  evanescent  modes  can  be 
included  in  simulations. 


The  Basic  Equations 


The  electromagnetic  equations  in  the  form  of  the 
inhomogeneous  Helmholtz  equations  for  the  vector  and  scalar 
potential  (cgs  units  and  Lorentz  gauge)  will  be  employed.  The 
goal  is  to  solve  these  equations,  along  with  the  Newton- 
Lorentz  source  equations  for  J  and  p,  self-consistently  for  a 
time-harmonic  traveling  wave  amplifier.  Meaning  that  the 
beam-rf  interaction  is  primarily  a  function  of  axial  distance  and 
all  fields  have  a  harmonic  time  dq)endence  based  on  some 

fundamental  frequency,  Le.  fit)  =  The  resulting 

equations  are  shown  below  rearranged  in  axial  evolution 
format. 


■5?"  = 


t- 


n‘(i> 


(1) 


The  source  terms  are  determined  from: 

j;  =  (7 1  =  1 

p„  =  (pig'"®')  =  ijg''pe'«®yr 


(2) 

(3) 

(4) 


Unfortunately,  as  written,  these  equations  are  von  Neumann 
unstable  for  grid-based  solution  in  the  axial  direction.  The 
underlying  reason  is  the  evanescent  nature  of  many  of  the 
wavelengths  supported  by  the  transverse  grid,  i.e.  the  large  ^j^’s 
inherent  in  numerically  computing  the  transverse  Laplacian  on 
a  grid. 

Reduction  to  Canonical  Form 


In  order  to  solve  the  above  equations  in  an  axial  evolution 
format  a  method  is  needed  for  handling  the  evanescent 
elements.  The  approach  chosen  here  is  expansion  of  all  fields 
and  sources  in  eigenfunctions,  T;/,  of  the  transverse 
Laplacian  operator. 


An 


=  .Z 


(5) 


o. 


=  t 

l,y  =  I  U 


(6) 


For  the  case  presented  here,  only  eigenfunctions  independent  of 
the  axial  coordinate  and  satisfying  the  transverse  boundary 
conditions  of  the  original  PDE  will  be  considered. 


(7) 


('P„I4'.,}  =  (8, 

Where  <  I  >  represents  the  spatial  inner  product  over  the 
transverse  dimensions  of  the  problem  space,  is  the 
transverse  Laplacian  eigenvalue  (usually  negative)  associated 
with  and  5^y  is  the  usual  Kronecker  delta. 


Substituting  Eqs.  (5)  and  (6)  into  Eqs.  (1)  and  (2)  yields  a 
system  of  (independent)  second  cwder  ordinary  differential 
equations  in  z  for  the  eigenfunction  expansion  amplitudes. 

^  =  (9) 

- ‘•“(pjH',,.)  (10) 

These  equations  can  be  cast  into  the  following  canonical  form: 

f"  =  yf  -  S(z)  (II) 
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Note  &at  for  this  case  y  is  a  constant  which  can  be  positive  or 
negative  and  that  the  driving  term,  jfz;,  has  an  indirect 
dependence  on  all  of  the  eigen-amplitudes  through  the  Newton- 
I^rentz  equations  of  motion.  The  general  solution  [3]  to  this 
inhomogeneous  ODE  can  be  written  as: 

/  =  e-'TlZgiz)  +  e^^hiz)  (12) 

Where  g(z)  and  h(z)  are  determined  by; 

g’=  (,3) 

Depending  on  the  sign  of  y,  the  solutions  are  decaying  aixi 
growing  exponentials,  or  backward  and  forward  propagating 
sinusoidal  waves. 

Stable  Numerical  Solution 

Given  the  equations  above,  the  solution  seems  straightforward. 
However,  there  are  two  factors  which  radically  alter  this  view: 
1)  s(z)  is  a  co-evolving,  nonlinear  function  of  the  eigen- 
amplitudes,  and  2)  standard  numerical  techniques  are  not 
“stable”  for  the  evanescent  form  of  Eq.  (12),  see  Fig  [1]. 
However,  neglect  of  the  evanescent  modes  would  reduce 
transverse  resolution  and  eliminate  the  self-consistent 
inclusion  of  dc  space  charge  fields. 


given  by  cos(kz).  Substituting  into  Eq.  (19),  performing  the 
denvatives  and  analyzing  the  resulting  sums  gives: 


8'  = 


cos(^z)--j^sin(*z)J  (20) 

The  form  of  Eq.  (20)  suggest  one  further  modification  which 
will  be  useful  in  cases  with  multi-component  driving  terms. 
NoUng  that  for  the  simple  driving  function  under 
consideration,  the  cos  and  sin  terms  are  the  source  and  its  first 
derivative,  the  relation  can  be  recast  as  shown  below. 

(21) 

[1]  compares  numerical  solutions  of  Eqs. 
(12)  &  (13),  ]^s.  (14)  &  (15),  and  Eqs.  (18)  &  (21)  with  the 
analytic  solution  of  the  original  ODE.  The  impact  of  the 
exponentially  growing  component  can  be  clearly  seen  in  the 
p  ot  offoe  Eqs.  (12)  &  (13)  solution.  The  solution  computed 
frm  Eqs;  (14)  &  (15)  is  stable,  but  has  amplitude  and  phase 
differenres  relative  to  the  analytic.  As  Fig.  [1]  shows  the 

modified  source  solution,  Eqs.  (18)  &  (21),  is  both  stable  and 
accurate. 


To  achieve  a  stable  numerical  solution,  the  above  solution 
^nations,  (12)  and  (13),  are  modified  as  shown  below  ignoring 
the  growing  exponential  term  [4]. 

/  =  e-'^giz)  (14) 

s'  -  (15) 

Note  that  explicit  evanescent  forms  of  (12)  and  (13)  are  used 
for  these  equations.  This  reduces  the  second  order  ODE  to  a 
first  order  quadrature  and  only  explicitly  includes  one  of  the 
original  initial  conditions.  Taking  the  second  derivative  of  this 
solution  results  in: 


f"  =  kV  -  -y  +  ^  (16) 

This  is  close  to  the  canonical  ODE,  Eq.  (11),  and  hints  at  a 
modification  for  achieving  an  exact  solution.  If  the  source 
term,  s(z),  is  redefined  to  include  j7k,  then  differentiating 
twice  results  in  the  canonical  ODE  plus  Continued 

mo^fication  of  the  source  term  results  in  an  infinite  sum  of 
derivatives  divided  by  powers  of  k. 


S 


jwTo  K” 


(17) 


^suming  convergence,  substituting  (17)  into  (15)  we  obtain 
the  pmr  of  equations  below.  Differentiation  oifiz)  twice  shows 
that  It  is  indeed  a  solution  to  the  canonical  ODE  with  the 
original  driving  term,  s(z). 


f  -  e-'^giz)  (18) 

ntis  formal  approach  gives  some  hope  of  achieving  a 
numerically  stable  solution.  However,  requiring  a  large 
number  of  derivatives  is  hardly  encouraging.  The  driving 
sources  of  primary  interest  here  will  have  sinusoidal 
dependencies  on  the  axial  coordinate.  Assume  a  source  term 


Fig.  1  Comparison  of  numeric  and  analytic  solutions 
of  the  source  driven  evanescent  ODE. 
Solutions  were  computed  with  4th  ader 
Runge-Kutta,  A:  =  1,  k  =  3,  /„  =  =  0.01. 
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Abstract  Application  of  Modal  Analysis  to  Time-Domam 


The  modal  analysis  which  uses  both  the  resonant  and  the 
irrotational  modes  of  the  equivalent  short*circuited  gy- 
rotron  cavity  had  been  deriv^  for  time-barmonic  electro¬ 
magnetic  fields*  Applying  it  to  time-domain  analysis  of  gy¬ 
rotrons  via  a  Fourier  transform  leads  to  a  generally  rigor¬ 
ous  but  numerically  ineCBcient  analysis.  In  this  contribution, 
the  modal  analysis  is  directly  formulated  in  time-domain. 
The  aperture-coupled  cavity  is  analyzed  by  using  rigorous 
boundaiy  conditions.  Moreover,  poorly  convergent  series  in 
the  formulation  are  replaced  by  analytic  expressions*  Thus,  a 
^stem  of  coupled  first-order  differential  equations  with  con¬ 
stant  coefficients  for  determining  the  mode  amplitudes  is  de¬ 
rived  which  is  easily  computed  with  excdlent  accuracy  and 
an  ordei>of-magnitude  reduction  in  memory  size  and  cpu 
time* 


Introduction 

Accurate  and  numerically  efiScient  computation  of  the  ex¬ 
cited  electromagnetic  field  inside  gyrotron  cavities  is  an  impor¬ 
tant  problem.  In  [1]  it  is  proposed  to  expand  the  electromagnetic 
field  in  terms  of  the  solenoidal  and  the  irrotational  eigenfunc¬ 
tions  of  the  corresponding  short-circuited  cavity  [2].  Applica¬ 
tion  to  time-domain  is  done  via  a  Fourier  transform.  In  [3]  the 
Fourier  transform  has  been  replaced  by  a  convolution  method. 
Complex  impulse  responses  have  been  defined  which  represent 
the  response  of  the  cavity  in  time-domain.  Although  this  method 
significantly  improves  the  analysis,  large  computation  time  and 
memory  size  restricts  its  eflScient  application.  At  this  place, 
we  will  propose  a  novel  solution  which  increases  accuracy  and 
reduces  the  demand  on  computing  resources  simultaneously. 


Fig.  1;  Longitudinal  section  of  gyrotron  cavity.  Short-circuit 
boundary  conditions  are  shown.  Surface  magnetic  currents  Ms 
are  introduced  at  either  side  of  each  aperture. 


Depending  on  the  bandwidth  and  on  the  demand  for  frequency 
resolution,  it  is  necessary  to  compute  some  thousands  of  spec¬ 
tral  terms  if  we  want  to  apply  the  method  presented  in  [1]  to  gy¬ 
rotron  analysis.  Thus  a  huge  amount  of  computing  resources  is 
needed  to  guarantee  a  minimum  of  accuracy.  Alternatively,  it  is 
possible  to  derive  the  modal  analysis  directly  in  time-domain. 
This  has  been  shown  in  [2]  and  [4].  Following  [2]  and  [4],  one 
arrives  at  a  system  of  coupled  first-order  differential  equations 
with  constant  coefficients  for  determining  the  eigenfunction  am¬ 
plitudes  of  the  closed  cavity.  Obviously,  these  equations  are  in 
principle  more  accurate  and  also  much  simpler  to  compute  than 
the  direct  application  of  a  Fourier  transform.  Nevertheless,  the 
specific  form  of  a  gyrotron  cavity  as  shown  in  Fig.  1  leads  to  two 
severe  problems  for  an  application  of  the  modal  analysis.  It  is 
first  the  open  boundary  condition  of  the  gyrotron  cavity  which 
needs  an  accurate  description  in  time-domain,  and  it  is  second 
the  axial  inhomogeneity  of  the  cavity  which  leads  to  a  coupling 
of  the  transverse  waveguide  modes  and  hence  to  a  large  number 
of  eigenfunctions  which  must  be  taken  into  account. 


Open  Boundary  Conditions 

In  [2]  the  open  apertures  of  the  gyrotron  cavity  are  replaced 
by  electric  walls  (Fig.  1).  Surface  magnetic  currents  which  are 
equal  in  amplitude  and  opposite  in  sign  are  introduced  at  both 
sides  of  each  electric  wall.  Using  Galerkin’s  method,  it  is  possi¬ 
ble  to  expand  the  surface  magnetic  currents  into  the  waveguide 
modes  of  the  connecting  waveguides.  In  frequency-domain,  the 
surface  magnetic  currents  are  calculated  from  a  multiplication  of 
the  mode  amplitudes  of  the  magnetic  field  with  the  correspond¬ 
ing  wave  impedance  [1].  In  time-domain,  we  can  determine  the 
surface  magnetic  currents  if  we  ^ply  the  convolution  method 
which  has  been  proposed  by  [5].  The  convolution  method  gives 
accurate  results  in  a  broad  frequency  range  which  is  only  lim¬ 
ited  by  the  Nyquist  theorem,  i.  e.  by  the  step  sire  of  the  used 
time  step.  Moreover,  the  accuracey  of  the  convolution  method 
is  increased  if  we  use  analytic  expressions  for  the  impulse  re¬ 
sponses  of  the  wave  impedances  [5].  Finally,  it  is  possible  to 
adopt  the  convolution  method  to  the  calculation  of  mismatched 
waveguides  which  are  connected  to  the  apertures  of  the  cavity. 
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Improvement  of  the  Numerical  Accuracy 

In  a  transmission  line  resonator,  the  waveguide  modes  are 
decoupled.  Hence,  every  eigenfunction  consists  only  of  one 
waveguide  mode.  In  an  inhomogeneous  gyrotron  cavity,  all 
waveguide  modes  of  the  same  radial  index  are  coupled,  lliere- 
fore,  each  eigenfunction  of  the  inhomogeneous  gyrotron  cav¬ 
ity  consists  of  a  sum  of  relevant  waveguide  modes  [I].  Conse¬ 
quently,  the  number  of  eigenfunctions  which  has  to  be  taken  into 
account  increases  by  a  factor  which  is  given  by  the  number  of  the 
relevant  modes.  This  restricts  the  direct  application  of  the  pre¬ 
sented  modal  analysis.  To  overcome  this  convergence  problem, 
we  propose  to  apply  a  method  to  time-domain  which  has  been 
presented  in  [6].  As  a  result,  it  is  possible  to  reduce  the  number 
of  necessary  eigenfunctions  significantly. 


Numerical  Results 


The  application  of  the  modal  analysis  to  time-domain  is  demon¬ 
strated  for  a  cavity  which  mainly  consists  of  a  hollow  waveguide 
which  is  short-circuited  at  one  side  and  matched  at  the  other.  An 
electric  current  with  sinusoidal  time-dependence  is  placed  in  the 
center  of  the  cavity.  The  current  is  switched  on  at  time  <  =  0. 
Moreover,  it  is  assumed  that  the  transversal  sh^  of  the  current 
is  equivalent  to  the  shape  of  a  T.E-waveguide  mode.  The  cavity 
is  shown  in  Fig.  2. 


Fig.  2:  Cavity  used  for  examination  of  transient  responses 
(all  values  have  been  normalized) 

Iro  =  1  (operating  frequency),  ke  =  0.9  (cutoff  frequency) 

Figs.  3a  and  3b  show  the  calculated  transient  response  of  the 
excited  mode  amplitude  for  the  electric  field  at  the  matched  out¬ 
put  port  Fig.  3a  compares  the  calculated  transient  response  with 
the  analytical  solution.  Fig.  3b  shows  the  convergence  of  the 
transient  response  which  depends  on  the  number  of  eigenfunc¬ 
tions.  Both  figures  demonstrate  on  one  hand  an  excellent  agree¬ 
ment  with  the  analytical  solution  and  on  the  other  hand  a  fast 
convergence  of  the  results. 


Conclusions 

In  this  contribution,  we  have  proposed  an  easy  to  compute  and 
generally  {q)plicabie  system  of  diflferential  equations  for  an  ac¬ 
curate  time-domain  analysis  of  electromagnetic  fields  inside  gy¬ 
rotron  cavities.  We  solved  the  problem  of  an  accurate  descrip¬ 
tion  of  the  open  boundary  conditions  as  well  as  the  convergence 
problem  which  exists  in  the  case  of  gyrotron  cavities. 


(•  •) :  Analytical  solution,  ( — ) :  Numerical  result 


Fig.  3  :  lYansients  of  the  excited  mode  amplitude  for  the 
electric  field  at  the  output  port  of  the  cavity. 

(a)  :  Comparison  with  analytical  solution 

(b)  :  Use  of  different  numbers  N  of  eigenfunctions 
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Abstract 

Wc  treat  here  the  situation  of  imperfect  nonport 
boundaries  of  the  circulator  device,  providing  the  modified 
dyadic  Green's  function  elements  for  both  internal  and 
external  locations  in  relation  to  the  perimeter. 


the  selection  of  the  modified  Bessel  function  of  the  second 
kind  K,j(kdr)  for  use  in  the  external  field  construction,  r>R; 

•o 

Ei  =  2  adeK„(kdr)ei"^  (la) 

ns-«o 


Introduction 

Ferrite  planar  circulators  are  often  built  with  circular 
symmetry,  and  they  are  electrically  thin  enough  to  warrant  a 
model  bas^  upon  a  2D  approach.  Furthermore,  the  use  of  a 
canonical  structure  can  provide  guidance  on  design  for 
structures  with  non-canonical  geometry.  It  has  already  been 
shown  that  s-parameter  and  field  results  may  be  obtain^ 
numerically  with  great  efficiency  using  a  2D  microstrip 
dyadic  Green’s  function  which  is  based  upon  judicious 
treatment  of  the  source  point  singularity  and  mode-matching 
[1].  Such  an  approach  avoids  explicit  use  of  the  completeness 
theorem  for  the  homogeneous  part  of  the  problem,  a 
tremendous  advantage  since  the  final  dyadic  Green's  function 
has  one  less  infinite  summation. 

But  in  the  previous  2D  model  [2],  it  is  assumed  that  the 
non-port  boundaries  are  magnetic  walls,  confining  energy 
exchange  to  only  the  ports.  This  seems  like  a  reasonable 
assumption,  given  that  the  actual  device  may  only  have 
magnetized  material  in  the  circular  region,  and  that  the  surface 
current  perpendicular  to  the  perimeter  on  the  microstrip  goes 
to  zero  at  the  boundary  (This  particle  current  being  zero  does 
not  mean  displacement  current  is  null,  thereby  allowing  a 
finite  value.).  Convincing  experimental  evidence  for  this 
supposition  is  certainly  found  in  the  literature,  and  this  is  also 
indicated  by  recent  theoretical  and  experimental  data  reviewed 
[3]. 

Nevertheless,  in  order  to  find  out  the  actual  effect  in 
switching  from  a  hard  impenetrable  magnetic  wall  to  an 
external  dielectric  material  with  dielectric  constant  £d  .  and 
also  thereby  achieving  the  capability  of  varying  the 
permittivity  of  the  external  dielectric,  we  develop  here  a  new 
dyadic  Green's  function  satisfactory  to  accomplish  the  task. 
The  permeability  p<i  Is  also  allowed  to  differ  from  the  free 
space  value. 

We  restrict  ourselves  to  the  2D  homogeneous  circulator 
case  because  it  approximates  many  actual  operating  devices, 
readily  allows  explicitly  developed  compact  Green's  functions, 
and  enables  the  modifications  to  the  hard  wall  device  to 
become  evident.  Figure  1  shows  a  cross-sectional  diagram  of 
a  3  -  port  device. 


Fields  and  Constraints 

Applying  the  radiation  condition  as  r  infinity,  leads  to 


hJ  =  i  I 

=  (lb) 

Requiring  continuity  of  the  perpendicular  electric  field  at  r  = 

R. 

fE|(R,<j))  =  Ei(R,<l>)  (2) 

we  find 

KnOCiR) 

f  attempts  in  an  approximate  way  to  allow  for  a  consistent 
fringing  in  the  2D  model,  which  has  some  inherent  degree  of 
3D  nature. 

The  forcing  function  for  the  Green's  function  is  applied  at 
(r',  (|i') ,  r  =  R,  through  the  equality 

hJ“(R,(1))  =  %a5(<}>-<|)')A({>'  +  Hj(R,(j)^<J)')(5^ 

The  perimeter  azimuthal  magnetic  field  can  be  represented  by 
a  ID  Fourier  expansion. 


hJ“(R,<|))  =  X 


An  =  h5"(R,  <|))e-i«0d(t) 

Azimuthal  magnetic  field  in  the  circulator  disk,  as 
from  the  inside,  is  given  by 


(6) 

(7) 
r  R 


H4(R,  <J))  =  kolnfkj^)  -  ^  Jn(kcR)je^  (8) 


iCDlU  a— >  I  R 

Equaling  the  fields  in  (6)  and  (8), 

Hj(R,  <}))  =  hJ“(R,  4)) 


(9) 


or 


a„or-^[kj'„(keR)  -  Of  Xj„(kjl)' 


lC04e  I 


Vi  R 


pX 

[h*'a5((J>  -  +  H4(R,  4.  ({.')V‘"*d}'  (10) 

.  -x 

Inserting  (1)  into  (7),  r  -4  R  from  the  outside,  utilizing 
azimuthal  orthogonality,  yields 
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Wr-^fkJ^)  -  UK-  -L  J„(keR)l 
jlCDMe  L  4  R  "J 


fp  =  Sl 


(■>) 


-C_  =  Cf  = 

c 


(18) 


Dyadic  Green's  Function  Within  Circulator  Puck 


With  the  solution  of  a^o  from  (11)  in  terms  of  the  forcing 
field  ,  the  elements  of  the  dyadic  Green's  function  for  r 
<  R  may  be  written  down  as 

(^i(r,  <|);  R,  ^')  =  [io)^2ji)]  x 

Jn(ker)e^»-*^ 


R  J  Pd  K„(kdR)  ' 


GS^r.(});R.  <[,')  = 


|12) 


|^j;<ker)  -  llKXj„(kj^e^»-*') 


^ — -  j;<hR)-i!f^j.(fcR).f&ki!gs£iK*,R, 
P  keR  Md  ke  K„(kdR)  ^ 

r*  (13) 

GSi[r.<|);R.  f)  = 


ij^ign  A  =  nR2  and  W  =  2rcR,  and  place  them  in  (14)  and  in 
the  equivalent  additional  radial  length  Alf  expression  which 
relates  to  the  fringing  capacitance  Q : 

All  =  Ct^W/h  , 

h  W  Viii:  (1^1 

c  IS  the  sp^  of  light  in  vacuum,  h  the  substrate  thickness, 
the  microstnp  impedance  based  upon  ej  dielectric 
loading  causing  an  effective  dielectric  constant  We 
replace  eje.  by  ej  under  the  W/h  »  1  limit  The  left-and- 
side  of  (19)  is  given  by  [5],  [6] 

Alf  =  0.412  e»de  +  0300  w/h4.n9M 

TT-  erfe- 0.258  W/h +  0.800  ^ 

Using  (19)  and  (20)  in  (18),  the  final  formula  for  f  is 
(noung  that  the  "r"  subscript  denotes  relative  value) 
fp  =  0J24h  Erf +  0.300  R/h  +  nM9  ■  ■ 

RViri  Erd -0.258  R/h  + 0.127 
[1  +  (h/R)  {0.2217  +  O.lOein  (27cR/h  +  1.444  )}]  (21) 
Cover  location  h'»h  in  deriving  (21). 
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2"-—  j;(kJl)-!lKJ_j„(kji).fikk  ME^Kkk^^ 
P  keR  Pd  ke  K„(kdR) 

Dyadic  Green's  Function  Outside  Circulator  Puck*^ 


For  r  >  R,  the  dyadic  Green's  function  elements  are 
G^r,  <|);  R,  <|)')  =  [i(D^2jt)]  x 

[Jn(keR)/Kn(kdR:8Kn(kdr)e"* '  ♦'> 


G^r,  (|);  R,  <j)')  =  (pc/pd)(kd/ke)fx 

^  _ [Jn(kJt);Kn(kdRjlK;<kdr)e"» ' 


(15) 


P  keR  Pd  ke  Kn(kdR) 

r*  (16) 

Gffi/r,  R,  <|)')  =  .  n(  pe/jt,)ke(f/r)  x 
•  ^  CJn(keR)yKn(kdR3Kn(kdr)e^  -  ♦'> 
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keR  IhikeKnOCdR) 

T,  (17) 

Factor  f 


Factor  f  is  estimated  as  f  =  f^fp  .  4  weights  the 
parameter  dependence  expressed  in  fp .  Closed  form  formulas, 
based  upon  self-consistent  static  solutions,  exist  for  microstrip 
capaciuve  (electric)  end  effect  [4].  Stretching  the  microstrip 
end  so  as  to  connect  one  comer  to  the  other,  constmets  the 
circulator  perimeter,  and  allows  us  to  roughly  obtain  fp . 


Figure  1 
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Abstract 

Modified  dyadic  Green's  function  elements  for  both 
internal  and  external  locations  in  relation  to  the  circulator 
perimeter  are  given  when  the  puck  is  allowed  to  transmit 
fields  into  the  external  medium. 

Introduction 

Although  the  theoretical  work  has  been  completed  for  a 
3D  model  of  the  ferrite  circulate’,  it  has  been  done  for  the 
relatively  general  case  of  an  inhomogeneous  device  puck. 
Here  we  would  like  to  present  the  considerably  simplified  case 
for  only  a  disk  which  is  homogeneous.  The  motivation  for 
this  is  two  fold.  One  is  a  historical  parallel  with  the 
developments  for  the  original  planar  work  which  in  the  earlier 
years  found  sufficient  accuracy  using  a  uniform  ferrite  region 
in  a  2D  model.  The  other  is  the  more  streamlined  formulas 
and  more  transparent  formulation. 

The  other  part  of  what  we  want  to  do  here  is  to  allow  for 
either  perfect  malefic  walls  as  before,  containing  the  fields 
within  the  tKxirecqjrocal  region,  or  for  imperfect  walls  leading 
to  field  extension  into  the  area  external  to  the  device  ferrite 
material.  In  the  previous  inhomogeneous  3D  microstrip 
model  [1],  it  is  assumed  that  the  non-port  boundaries  are 
magnetic  walls,  confining  energy  flow  to  only  the  ports.  This 
niay  be  a  reasonable  assumption  in  view  of  the  thin 
dimensions  in  the  z  -  direction  compared  to  the  extent  on  the 
lateral  surface.  But  by  its  very  nature,  a  3D  model  could 
allow  accurate  description  of  field  extension  beyond  the 
circulator  perimeter  and  flinging  fields,  depending  upon  how 
general  and  complex  the  formulation. 

Formulation  below  is  fully  3D  outside  the  puck  (see  Fig. 
1),  but  docs  not  allow  for  consideration  of  geometry  beyond 
the  thickness  of  the  puck  h  .  Thus  all  components  of  the 
electromagnetic  field  exist  in  coordinate  space,  including  in 
the  dielectric  material  characterized  by  dielectric  constant 
and  permeability  .  Sensitivity  of  the  dyadic  Green's 
functions  to  varying  Cj  and  now  possible. 

3D  Fields  and  Constraints 


for  the  radial  separation  constant  ajj  is  given  in  the  outside 
region  by 

CTdj  =  V  kd  -  1^-  kd  =  coVedMd  (2) 
with  kg=j7t/h,j  =  (0or  1),2, -.  Requiringcontinuity  of  the 
perpendicular  electric  field  at  r  =  R, 

fE|(R,  <!>)  =  E^(R,  tj))  (3) 

entails  using  the  field  inside  the  puck  [2] 

^  =  S  E  cos(k2;2faiojIn(oiR)  +  ^n(a2Ri|e*"*  (4) 

j *0  n w-  •• 

We  find  that 


_d  _  r  ^n(CtljR)  1  -  Jn(G2jR)  2 


(5) 


Factor  f  is  chosen  so  as  to  correct  for  the  actual  vertical 
fringing  seen  in  a  3D  circulator  and  not  treated  by  the  model 
adopted  here  for  simplicity  reasons.  The  qiproach  here  does 
account  for  external  field  extension  by  assuming  to  first 
approximation  that  the  j  th  perpendicular  mode  spectrum 
inside  the  puck  holds  outside  also,  f  used  here  modifies  the 
inhomogeneous  formulas  found  in  [3],  and  enables  the  effect 
of  the  external  environment  to  be  turned  off  (set  f  =  0),  or  left 
on  (f  0) .  Null  f  value  must  be  done  with  some  thought  in 
the  formulas  to  follow,  but  it  can  de  demonstrated  that  the 
limit  exactly  returns  the  problem  to  the  hard  wall  3D  case. 

Requiring  continuity  of  the  azimuthal  electric  field  at  r  = 

R. 

fE;(R,<t))  =  Ej(R,<j))  (6) 

entails  use  of  the  inside  and  outside  device  field 
representations  given  by  respectively 

M  M 

Ej  =  X  E  >sin(kijZ 

j ■ 1  -  • 

Hli  (i(0p<,+  SjX2j)Jn(CTljR)i  + 
bj  I 

b 


^|aioij:^X2iJn(a,jR)  + 

^i^X,iJ„(a2jR) 

1  ^ 

^(impo  +  SjXij)i(a^)jJe^  (7) 


Applying  the  radiation  condition  gives  for  the 
perpendicular  electric  field  external  (r  >  R)  to  the  device 
perimeter 


E^(r,  <1>,  z)  =  5^  ^  a^cjCos(k2jz)Kn(adjr)e«<'(l) 

j  ~  ®  n  =  -  o® 

T^  same  magnetic  field  component  has  a  sinusoidal  factor 
with  an  "h"  subscript  index.  Here  the  characteristic  equation 


E^=E  E  sin(kijzj-Sjai.jadjK^adJR)+— aL/Co(adjR)]e“^ 

^  R 


j »  1  n»  • 

Thus  it  is  seen  that 

ad  .  ^ 


0]e“ 

(8) 


aShj  =  f 


hdAj..  hdA2 


R  \bj 


f  ^  -1  d-  _2 

.  J 


(9) 


‘  (r  ^2i+PjMn(<TljR)  +  ^  (itl)p<H-SjX2j)Jn(aijR)| 


bi 
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X — 1 — (10) 

(-Sj)adjKkCTdjR) 

= i  >«ij+PjJ Jn(a2jR)  +  ^  (ia)jio+SjXij)t(CT?iR) 

y  1  RnC^djR)  (11) 

(-  Sj)adj  KL(adjR) 

The  azimuthal  and  peipendicular  magnetic  field  forcing 
functions  for  the  Green's  function  are  applied  respectively,  at 
(r*,  ^'),  r = R,  through  the  equalities 

I^(R,  =  H*'Ag(z)5(<j)  -  (|)')A(|)'+i4(R.  <|)  (|)')/f  (12) 

H^'(R,  <^)  =  H4'Ah(z)5(<|>  -  <|>')A<|>'+I^(R,  (|)  (|)')/f  (13) 

which  result  in  two  equations  connecting  the  driving  fields  to 
the  system  under  consideration: 

-  PA2j)ln(aijR)  +  ^  X2jaijj;(aijR)  -  “^Aij/fjaioj 
^  ^  ^ljO’2jJn(cr2jR)  -  *ljA2j/f|£^0j 

=  J-H^'AjAfe-"^'  (14) 
2n 


2^^Jn(ajjR)-'’^A‘j/l 

bj 


whoe 


J  L  bj 


Jn(a2jR) 


=  -l-Hz'AjAfe*^'  (15) 
2jc 


(-Sj)adjRKri(adjR)LR  (bj  f 

/ 

+  ^  (iwiio  +  sA2j)Jl(aijR)l  -  ujOdj  j„(aijR)  (16) 

bj  J  K„(CTdjR) 

^Pi  Rn(CrdjR)  -in  (rj*  ly  . 

^Anj  =  ^  -f-^lj  +  PjtojR) 

(-  Sj)<J<ijR  K„(adjR)  L  R  (bj  j 

+  ^  (impo  +  SjXij)jl(a2jR)l  -  ujOdj  Jn(a2jR)  (17) 

bj  J  K„(adjR) 

3D  Dyadic  Green's  Function 

From  (14)  and  (15),  a  few  of  the  elements  of  the  dyadic 
Green's  function  are  given  below  for  r  <  R  and  r  >  R  ,  the 
third  subscript  index  indicating  the  location  ("c"  puck  or  "d" 
outside): 


r** 

GeHc  = 


;*-!  I  I^jCO<k.jz)^KjJ„(a,jcr) 

Z7C  jatO  MABj 

-  BljeJ„(a2jcrJeK*-^') 


Gmid  =  X  X  ifl^jSin(kxjz)  [’’i^jAij  - 
27C  j  ■  1  n  *  •  M  Da  b  j 

(19' 

K„(adjR) 


Grad  =  :;^X  X  ifKjjSin{kzjz)  |-i2^  [’’^Ai^j 


2n  j.i 


-  “^jBiJ  +  -^[jAi^j  -  JASjBy 

KnvOidjR)  Bj 

K„(adjR)|  ^  ^ 

Leading  K  factors  in  (18)  -  (20)  are  determined  by  the  choice 
of  forcing  z  -  dependence  given  as  g(z)  or  h(z). 


‘  '1; 


cos(kij)g(z)d; 


sin(kij)h(z)d: 
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Figure  1 

Electric  walls  exist  (due  to  the  top  disk  microstrip  and  bottom 
ground  plane)  at  z  =  0,  h  with  r  <  R.  For  r  <  R,  ferrite  fills  the 
region  with  diagonal  tensor  permeability  elements  p,  ft,  po  and  off 

diagonal  elements  composed  of  ix.  Microstrip  lines  enter  the  puck 
at  port  locations,  and  are  taken  to  be  of  limited  extent  so  as  not  to 
disrupt  the  external  field  structure. 
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Abstract 

Wc  show  how  careful  design  of  the  sample  structure  to 
optimise  impedance  matching  can  be  used  to  achieve  a  large 
enhancement  in  the  efficiency  of  far  infrared  coupling  to 
magnetic  resonance  phenomena  in  insulating  thin  film 
magnetic  media,  e.g.  NiO.  In  conducting  thin  film  magnetic 
media,  e.g.  Cr  and  the  rare  earth  metals,  additional 
enhancement  is  obtained  by  using  a  grating  structure  to 
eliminate  the  plasma  reflectivity. 

A.  Introduction 

Thin  film  technology  has  long  been  used  in  the  fabrication  of 
magnetic  storage  devices.  However,  the  investigation  of 
nano-structured  magnetic  systems  is  relatively  speaking  in  its 
infancy,  and  it  is  anticipated  that  these  systems  will  show 
new  magnetic  phenomena  that  can  be  custom-designed  for 
new  technological  applications.  Current  scientific  work  on 
layered  magnetic  structures  mainly  involves  metallic 
magnetic  systems,  with  GMR  as  one  of  the  most  dramatic 
developments,  but  study  of  insulating  layered  magnets  is 
relatively  less  advanced,  despite  the  fact  that  such  structures 
can  also  be  expected  to  have  important  applications  in  areas 
such  as  magnetic  storage  devices,  field  sensing,  microwave, 
millimetre  wave,  and  terahertz  signal  processing  and  IR 
imaging. 

The  overall  aims  of  this  work  are  (i)  to  establish  FIR 
spectroscopic  techniques  for  studying  magnetic  resonance 
phenomena  in  conducting  magnetic  thin  films  and 
multilayers,  and  (ii)  to  establish  the  feasibility  of  FIR 
spectroscopic  techniques  for  investigating  the  magnetic 
properties  of  insulating  ferrimagnetic  and  antiferromagnetic 
thin  films  and  multilayers.  Recent  detailed  theoretical 
modelling  at  Essex  has  demonstrated  that,  in  both  conducting 
and  insulating  thin  film  systems,  strongly  enhanced  coupling 
to  the  magnetic  response  can  be  achieved  over  a  narrow  range 
of  spectroscopic  design  parameters. 


B.  Method  and  Results 

We  are  presently  investigating  the  following  systems  by  FIR 
spectroscopy;  in  each  case  spectroscopic  investigations  are 
guided  by  detailed  phenomenological  theoretical  modelling: 

(i)  Metallic  magnets  (Cr  and  rare  earth  metals).  Magnetic 
resonance  measurements  on  conducting  media  have  always 
presented  severe  problems  because  of  the  high  metallic 
reflectivity.  For  measurements  on  Ni,  Dy  and  Tb,  Sievers  [1] 
made  far  infirared  transmission  lines  by  rolling  alternate  thin 
layers  of  metal  and  polyethylene  sheet  into  coils.  By  using  a 
variation  of  this  approach,  we  have  recently  [2]  demonstrated 
theoretically  that  magnetic  resonances  are  in  principle 
observable  by  FIR  spectroscopy  on  suitably  structured 
planar  metallic  systems  where,  in  a  simple  reflection 
experiment  on  an  unstructured  sample,  the  plasma  reflectivity 
would  mask  the  magnetic  resonance.  Our  calculations  [2] 
were  based  on  a  grating  structure,  in  which  the  plasma 
reflectivity  is  eliminated  by  polarising  the  electromagnetic  E- 
field  normal  to  the  gratings.  Such  gratings  need  to  be  thick 
(-  10  [im),  with  a  period  -  1  pm,  and  are  very  difficult  to 
fabricate.  However,  we  have  since  demonstrated  by  extensive 
modelling  that  even  greater  enhancement  of  the  coupling  to 
the  magnetic  response  is  achievable  using  reflection  from  a 
thin  grating  (-1  pm)  placed  at  the  base  of  a  Si  prism  (in 
effect,  an  ATR  experiment,  though  without  an  air  gap).  At 
large  angles  of  incidence,  close  in  effect  to  the  Brewster  angle 
for  a  Si/metal  interface,  variations  in  the  permeability  p(co) 
become  significant,  and  can  produce  a  pronounced  magnetic 
resonance  feature  with  reflectivity  changes  of  order  10%  at 
the  resonant  frequency,  COm.  Thus  a  combination  of  a  grating 
structure  to  eliminate  the  plasma  reflectivity  and  careful 
design  to  optimise  impedance  matching  produces  an 
enhancement  of  more  than  2  orders  of  magnitude  in  the 
coupling  efficiency.  This  discovery  opens  the  way  to  study 
most  metallic  thin  film  magnetic  structures.  In  addition  to 
transition  metal  structures,  such  as  Cr,  we  propose  to  study 
rare  earth  magnetic  structures. 
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TTie  advantages  which  can  be  achieved  are  Ulustrated  in  Fig 
1.  where  we  compare  calculations  on  five  different  structures 
with  a  nominal  resonance  fi^equency  (0^  =  38  cm“l.  We 
first  consider  calculations  on  continuous  Cr  filmc  Fig.  1(a). 
<^e  A  shows  the  reflectivity,  R,  from  a  Cr  film  with  a 
thickness  which  exceeds  the  penetration  depth  (~  0.3  ^im), 
with  the  FIR  beam  incident  at  normal  incidence  (0°)  from 
vacuum;  as  expected,  R  ~  1  throughout  Curve  B  shows  the 
reflectivity  in  s-polarisation  at  85°  angle  of  incidence,  and 
curve  C  shows  the  calculated  reflectivity  with  the  FIR  beam 
incident  at  an  angle  of  850  fi-om  Si,  i.e.,  an  ATR  experiment 
with  the  Cr  sample  pressed  against  the  base  of  a  Si  prism.  In 
B  and  C,  the  experiments  will  be  relatively  difficult  to  set  up 
because  of  the  large  angle  of  incidence,  but  the  expected 
enhancements  are  large.  In  Fig.l(b)  we  show  calculations  on 
Cr  gratings.  Curve  D,  which  has  been  shifted  up  by  0.2  for 
clarity,  shows  the  reflectivity  from  a  grating  10  ^im  thick 
deposited  on  a  semi-infinite  Si  substrate  with  the  FIR  beam 
mcident  at  60°  from  vacuum;  an  easily  measurable  signal  is 
calculated,  but  10  fim  thick  Cr  films  are  very  difficult  to 
deposit,  so  the  experiment  is  not  compatible  with  current 
thin  film  technology.  Finally,  in  curve  E,  the  reflectivity  of 
a  Cr  grating  of  thickness  1  fim  on  a  2  mm  thick  quartz 
substrate  with  the  radiation  incident  at  60°  from  a  Si  prism 
is  shown.  The  most  important  advance  in  curve  E  is  the 
^ditional  enhancement  in  coupling  efficiency  achieved  by 
impedance  matching  which  allows  the  grating  thickness  to  be 
reduced  to  1  pm.  This  makes  the  grating  structure  practically 
realisable;  we  have  already  used  prisms  with  55°  angle  of 
incidence  in  ATR  measurements  on  surface  magnetic 
polaritons  in  FeFz  [3.4],  so  all  of  the  experimental 
conditions  corresponding  to  curve  E  can  be  physically 
achieved  without  difficulty.  Moreover,  we  have  been  careful 
to  use  realistic,  rather  than  optimistic,  parameters  to  model 
the  magnetic  resonance;  for  example,  the  linewidth  may  be 
less  than  the  assumed  value  of  0.3  cm‘^ 

(ii)  NiO.  This  is  widely  used  for  biassing  in  magnetic  tapes, 
and  CoO/NiO  structures  and  Fe304/Ni0  structures  have  been 
widely  stuped,  though  not  by  FIR  spectroscopy.  As  in  the 
case  of  thin  metal  films  described  above,  modelling  has 
demonstrated  that  by  careful  design  of  the  experiment,  i.e., 
choice  of  substrate,  prism  material,  FIR  beam  polarisation 
and  angle  of  incidence,  the  optimum  conditions  for 
impedance  matching  at  the  magnetic  resonance  can  be 
identified,  and  enhancement  of  the  coupling  efficiency  of  at 
least  an  order  of  magnitude  compared  with  a  simple  reflection 
measurement  can  be  achieved. 


Fig.  1.  Reflectivity  of  (a)  Cr  film  and  (b)  Cr  grating  (see 

text). 
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Abstract 

Antiferromagnedc  resonance  (AFMR)  measurements  on  a 
well  diaracterized  single  crystal  sample  of  MnFj  have  been 
performed  using  various  kinds  of  millimeter  and  submillimeter 
sources  up  to  570  GHz  and  a  superconducting  magnet  up  to 
20  T.  All  the  AFMR  modes  pr^cted  from  the  theory  have 
been  observed.  We  report  a  complete  frequency-field  chart  for 
these  AFMR  modes. 

Recent  development  of  millimeter  and  submillimeter 
apparatus  has  made  electron  spin  resonance  (ESR) 
measurements  over  wide  frequencies  easier.  It  is  now 
possible  to  have  centimeter,  millimeter  and  submillimeter 
waves  ranging  from  -1  GHz  to  -800  GHz  using  e.g. 
klystrons,  Gunn-oscillators,  Carcinotrons  (trademark  name  for 
backward-wave  oscillators  of  Thomson  Co.)  and  a  millimeter 
vector  network  analyzer,  and  up  to  -7  THz  using  a  far-infrared 
laser.  In  particular,  the  millimeter-submillimeter  vector 
network  analyzer  developed  during  the  last  decade  has  the 
capability  to  cover  wide  frequency  ranges  and  detect  not  only 
the  amplitude  but  also  the  phase  of  signal.  In  addition,  stable 
high  magnetic  fields  up  to  20  T  are  now  available  with  a 
superconducting  magnet 

In  the  Institute  of  Physical  and  Chemical  Research 
(RKEN),  we  are  building  an  ESR  spectrometer  with  wide 
frequency  and  field  ranges.  In  order  to  test  this  system,  we 
have  measured  ESR  of  a  prototypical  example  of 
antiferromagnets  with  uniaxial  anisotropy,  manganous  fluoride 
(MnFj)  which  has  been  studied  extensively  [1].  In  our 
previous  paper  [2],  we  reported  the  results  of  antiferromagnetic 
resonance  (AFI^)  measurements  on  MnFj  for  the  frequencies 
up  to  300  GHz.  We  observed  all  the  AFMR  modes 
predicted  by  the  theory  [3,  4].  In  the  present  study,  we  have 
extended  the  measurement  up  to  570  GHz  and  completed  the 
frequency-field  chart 

The  crystal  structure  of  MnFj  belongs  to  the  tetragonal 
space  group  with  two  molecules  per  unit  cell.  Tbe 
lattice  constants  at  room  temperature  are  a=4.8734  A  and 
c=3.3103  A  [5].  Rom  the  neutron  scattering  study  below 
the  Niel  temperature  (rN=67.34  K)  [6],  the  magnetic  structure 
of  MnFj  was  determined  In  the  ordeoMl  phase,  the  spins  at 
body  center  sites  point  antiparallel  to  those  at  the  comer  sites 
with  the  spin  easy  axis  pardlel  to  the  c  axis.  The  main  origin 
of  the  magnetic  anisotropy  comes  from  the  dipole-dipole 
interaction.  Single  crystals  of  MnFj  were  grown  by  the 
Bridgman  method  as  written  in  our  previous  paper  [2].  A  thin 
disc  (-0.4  mm  thickness)  of  MnFj  with  the  plane 
perpendicular  to  the  c  axis  was  cut  from  a  large  crystal. 


The  ESR  spectrometer  consists  of  two  main  parts  (a 
magnet  and  a  microwave  source)  and  measuring  instruments. 
The  microwaves  below  about  300  GHz  are  generated  from 
klystrons,  Gunn-oscillators  and  Carcinotrons.  Above  300 
GHz,  we  use  a  millimeter  vector  network  analyzer  (MVNA-8- 
350,  AB  Millimetre,  France)  which  offers  the  8-770  GHz 
frequency  coverage  capability  with  extensions  ESA-1  and 
ESA-2.  The  magnetic  field  is  produced  by  a  superconducting 
magnet  produced  by  Oxford  Instruments,  U.  K..  The 
magnetic  field  can  be  swept  up  to  18  T  at  4.2  K  and  up  to 
20  T  at  2.2  K.  A  dewar  (variable  temperature  insert)  is  used 
to  change  the  temperature  of  the  sample  space  from  1.6  K  to 
200  K.  The  temperature  of  the  sample  is  measured  by  a 
calibrated  carbon  glass  thermometer  placed  close  to  it. 

Figure  1  summarizes  all  the  AFMR  data  obtained  at  1.8  K 
or  5  K  in  the  frequency  (GHz)  vs.  magnetic  field  (T)  plane.  In 
the  following,  we  analyze  the  experimental  results  shown  in 
figure  1.  If  the  exchange  field  is  much  larger  than  the 
anisotropy  field  (Tf^).  the  AFMR  frequencies  of  a  uniaxial 
antiferromagnet  are  given  by  equations  (l)-(3)  below  [4,7,8]. 

In  MnFj.  H^~53  T  and  H^~0.S2  T  so  that  [9]. 

hvfgHB=  /  Xl  +  (JCnH  '  ) 


(H//c.  H  <  Hsr). 

(1) 

hv/g^B  =  ^|f^^-2KJXx 

(H//c.  H  >  Hsr). 

(2) 

and 

hv/gtiB=4H‘^+2KJxL 

(H  1  c). 

(3) 

where,  h  is  Planck’s  constant,  vESR  frequency,  g  the  g« value, 
the  Bohr  magneton,  the  anisotropy  constant,  Xff  Xj^ 
magnetic  susceptibilities  parallel  and  perpendicular  to  the  c 
axis,  respectively,  and  the  critical  field  for  spin  flop.  At 
low  temperatures  (7  «  7^).  X„  is  much  smaller  than  Xj^  [2], 
thus,  equation  (1)  becomes 

hvlgliB=^'2.KJXi.  (4) 

The  two  full  straight  lines  below  9.27  T  in  figure  1  represent 
equation  (4),  the  full  curve  above  9.27  T  equation  (2)  and  the 
broken  line  equation  (3)  with  ■y]2K^  I  x±  =9.27  T.  This 

value  of  the  zero  field  gap  frequency  (259.7  GHz)  is  very  close 
to  that  reported  before  (261.4±1.5  GHz  at  0  K)  [9].  The 
vertical  straight  line  at  9.27  T  represents  the  critical  field 
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resonance  mode.  We  see  in  figure  1  a  good  affreement  rci  c  c  m 

te^een  theory  and  experiment  including  higher  fiequency  Ldo'cSd  Suhl  HrS  ^°Snetism  1.  ed 

Si,  ?  present  experiment,  we  completed  frequency-  m  F  M  ShnSJ  383. 

field  chart  for  all  the  AFMR  modes  in  MnF,.  ^  ^  }i gfo  ^  Nethercot.  Jr.,  Phys.  Rev.  114 

In  conclusion  we  have  made  ESR  measurements  on  a  well  ^ 

®  wide-frequency  and 

lugh-field  spectrometer  installed  in  RIKEN.  We  have 

completed  the  fiequency-field  chart  for  the  AFMR  modes. 
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Abstract 

Terahertz  radiation  emitted  by  cdierent  phonons  excited  in 
Te,  PbTe  and  CdTe  is  investigated.  Crficrent  radiation 
OTiginating  from  the  IR-active  LO  phonon  mode  was 
observed  with  each  sample,  vhile  radiation  from  TO 
phonons  was  not  observed.  The  mechanism  of  the 
emission  from  coherent  phonons  is  discussed. 

1.  Introduction 

Coherent  phonons  excited  in  srauconductors  or 
scmimetals  have  been  studied  extensively  Iqr  means  of 
transient  reflectivity  or  transmittance  measuronents.  In 
such  measurements,  only  the  Raman  active  phonon  modes 
were  observed.  On  the  other  hand,  no  observation  has  been 
reported  for  the  only  infrared  (JR)  active  phonon  modes. 
This  indicates  that  R^an  activity  of  the  coherent  phonon  is 
essential  for  the  transient  reflectivity/transmittancc  signals. 
Recently,  emission  of  terahertz  (THz)  radiation  from  the  IR- 
active  coherent  longitudinal  optical  (LO)  phonons  excited  in 
polar  semiconductors,  such  as  GaAs,  was  predicted 
theorclically[l],  and  coherent  THz  radiation  corresponding 
to  an  only  IR-active  LO  phonon  (A2-mode)  in  Te  was 
observed  by  Dekorsy  et  aL  [2,  3]  with  a  photoconductive 
sampling  detector.  The  measurement  of  radiation  from 
coherent  phonons,  ^^ich  is  complementary  to  the 
conventional  pump-probe  photo-reflectancc/transmittancc 
measurements,  opens  up  a  new  way  to  study  the  dynamics  of 
the  coherent  phonons.  In  this  work  we  investigated  the 
THz  radiation  emitted  from  Te  (hexagonal),  PbTe  (NaQ- 
like)  and  CdTe  (zinc-blende),  ^ose  crystal  structures  are 
different  from  each  other,  to  get  more  informadcxi  on  the 
emission  mechanism  of  THz  radiation  from  the  coherent 
phonons  excited  in  semiconductors  by  using  an  ultra&st 
photoconductive  detector  based  on  a  low-tcmpcrature-grown 
(LTG)  GaAs  [4, 5]. 

2.  Experiment 

The  experimental  setup  is  illustrated  in  Fig.  1.  A 
mode-locked  Tiisapphire  laser,  whose  pulse  width, 
wavelength  and  repetition  rate  arc  respectively  about  70  fe, 
800  nm  and  82  MHz,  was  used  to  excite  the  coherent 


Fig  1.  Schematic  view  of  the  experimental  setup  for  the 
detection  of  terahertz  radiation  from  coherent  phonons  in 
semiconductors. 


Laser  excitation  (photo-lnducdve) 


Fig  2.  Structure  of  the  photoconductive  dipole  antenna. 
For  the  photo-inductive  detection,  the  laser  was  directed  at 
the  edge  of  the  antenna. 

phonons  at  the  sample  surfaces  and  also  to  gate  the 
photoconductive  sampling  detector.  Laser  pulses  with  an 
averaged  power  of  200  mW  were  irradiated  onto  the  sample 
surface  at  an  incident  angle  of  45°  and  focused  to  a  diameter 
of  about  1  mm.  The  radiation  from  the  sample  surface  in  the 
direction  of  the  optical  reflection  was  collected  and  focused 
onto  the  detector  by  a  pair  of  parabolic  mirrors.  The  time- 
resolved  waveform  of  the  radiation  was  obtained  by 
measuring  the  DC  photocurrent  in  the  photoconductive 
detector,  which  is  biased  with  the  electric  fleld  of  the 
incident  radiation  and  gated  by  the  gating  laser  pulses, 
varying  the  time-delay  between  the  pump  and  gating  pulses. 
The  detector  was  a  photoconductive  dipole  antenna  with  a 
length  of  30  pm,  fabricated  on  LTG-GaAs  (Fig.  2).  To 
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increase  the  responsivity  at  higher  frequencies  we  carried  out 
the  differential  detection  using  a  shaker  on  the  optical  delay 
line.  In  addition,  for  the  detection  of  the  high  frequency 
coherent  radiation  from  CdTe  (-  5  THz)  we  cairi^  out 
photo-inductive  sampling  [6]  by  irradiating  the  edge  of  the 
pbotoconductive  dipole  antenna  (See  Fig.  2).  V^th  this 
detection  configuration  we  achieved  a  reasonable  detector 
responsivity  at  frequencies  beyond  5  THz. 

3.  Results  and  Discussion 

Figures  3  shows  the  waveforms  of  radiation  from 
rntmo-crystaline  Te  (c-axis  perpendicular  to  the  surface), 
PbTe  (1(X))  and  CdTe  (1(X))  surfaces.  The  insets  in  the 
figure  show  the  Fourier-transformed  amplitude  spectrum  of 
the  each  waveform. 

In  Fig.  3(a),  the  oscillatory  component  in  the 
waveform  is  attributed  to  the  LO  phonon  of  the  A2-mode  (2.8 
THz)  in  Te,  as  specified  by  Dekorsy  et  al  [2] 

In  Fig.  3(b),  strongly  damped  oscillations  are 
observed  and  attributed  to  the  LO  phonon  in  PbTe  (3.4  THz), 
although  the  spectral  peak  (3.1  THz)  is  slightly  shifted  to  the 
lower  frequency  side.  This  spectral  shift  may  be  due  to  the 
strong  damping  of  the  oscillations  and  the  strong 
degradation  of  the  detector  responsivity  for  higher 
frequencies. 

In  Fig.  3(c),  fast  oscillations  after  a  strong  radiation 
burst  are  observed  and  attributed  to  the  LO  phonon  in  CdTe 
(S.l  THz).  Although  the  radiation  from  the  coherent 
phonons  appears  to  be  weak,  the  actual  radiation  amplitude 
is  estimat«l  to  be  comparable  to  that  of  the  first  ra^ation 
burst  by  considering  the  low  responsivity  of  the  detector  at  5 
THz  compared  to  that  at  1  THz. 

The  absence  of  coherent  THz  radiation  from  the 
transverse  optical  (TO)  phonon  modes  is  understood  wfren 
we  consider  the  TO  phonon  property  that  it  does  not  create  a 
macroscopic  electric  polarization  (d/vE=0),  while  an  LX) 
phonon  does.  However,  we  observe  spectral  dips  or  minima 
at  the  TO  phonon  frequencies  (2.6,  0.9  and  4.2  THz  fw  the 
TO  phonons  in  Te(A2-mode),  PbTe  and  CdTe,  respectively). 
This  cannot  be  explained  by  the  absence  of  radiation  from 
TO  phonons  alone,  nor  by  the  absorption  of  the  radiation, 
since  the  absexption  in  the  thin  radiation  volume  is 
negligible.  To  explain  the  spectral  dips  at  TO  phonon 
frequencies  we  considered  the  emission  efficiency  of 
radiation  into  free  space  and  into  the  dielectric  (substrate). 
It  is  known  that  for  a  dipole  antenna  on  a  thick  dielectric 
substrate  (with  its  polarization  parallel  to  the  surfree)  the 
ratio  of  the  radiation  power  emitted  into  the  dielectric  (Pd)  to 
that  emitted  into  free  space  (PJ  is  scaled  approximately  as 
e“(=Pd/Pi),  where  e  is  the  dielectric  constant  of  the  substrate. 
When  we  consider  the  cdierent  LO  phonons  excited  in  a 
semiconductor  as  distributed  infinitesimal  (Hertzian)  dipoles 
on  the  sample  surface  (with  its  polarization  normal  to  the 
surface),  we  can  calculate  the  emission  efficiency  of  the 
radiation  into  free  space  (P./(P,+Pd))  over  the  frequencies 
with  the  frequency-dependent  dielectric  constant  e(©).  The 


calculated  results  showed  that  due  to  the  large  value  of  e 
peaked  at  the  TO  phonon  frequency  the  efficiency  of 
emission  into  free  space  is  greatly  reduced,  while,  due  to  the 
small  value  of  e  at  the  LO  frequency  (without  the  damping 
c(Q\o)  =  0),  the  emission  efficiency  has  a  maximum  at  the 
LO  phonon  frequency.  Thus,  the  change  in  the  emission 
efficiency  of  radiation  into  free  space  due  to  e(co)  explains 
well  the  observed  spectral  dip  at  the  TO  phonon  frequency 
and  the  enhanced  spectral  amplitude  of  the  coherent 
radiation  by  the  LO  phonons.  The  details  of  the  discussion 
wall  be  presented  at  Ae  conference. 


Time  (ps) 

Elg  3.  Waveforms  of  THz  radiation  emitted  from  (a)  Te, 
(b)  PbTe  and  (c)  CdTe  surfaces.  The  insets  show  the  FFT 
spectrum  of  the  each  waveform.  The  arrows  indicate  the 
corresponding  LO  phonon  frequencies. 

References 

[1]  A.  V.  Kuznetsov  and  C.  J.  Stanton,  Phys.  Rev.  B,  51, 
7555  (1995). 

[2]  T.  Dekorsy,  et  al,  Phys.  Rev.  Lett.  74,  738  (1995). 

[3]  T.  Dekorsy,  et  al,  Phys.  Rev.  B  53, 4005  (1996). 

[4]  M.  Tani,  etoL,  Jpn.  J.  Appl.  Phys.  33, 4807  (1994). 

[5]  M.  Tani,  et  al.,  to  be  published  in  Appl.  Opt. 

[6]  R.  R  Jacobsen  et  aL,  J.  Appl.  Phys.  80, 4214  (1996). 


T6.4 


178 


TVansition  from  Semi-Classical  to  Quantum  Mechamcal  Limit  of 
Terahertz  Tunnel  Ionization  of  Deep  Impurities 


S.D.  Gaiiicliev^*^^  LN.  Yassievich^  E.  ZiemaimS  Th.  Gleim^  and  W.  Prettl^ 

^Institut  fur  Experimentelle  und  Angewandte  Physik,  Universitat  Regensburg, 

D  93040  Regensburg,  Germany 

^  A.  F.  lofTe  Physicotechnical  Institute,  Russian  Academy  of  the  Sciences, 

St.  Petersburg,  194021,  Russia 


Abstract 

T\iiinel  ionization  of  deep  impurities  in  high  frequency  elec¬ 
tromagnetic  fields  and  multi-photon  ionization  are  two  lim¬ 
iting  cases  of  the  same  nonlinear  optical  process.  The 
transition  between  these  limits  has  been  observed  for  the 
first  time  with  deep  impurities  in  semiconductors  subjected 
to  high  power  laser  radiation  in  the  terahertz  range  with 
quantum  energies  being  much  smaller  th2Ln  the  impurity 
binding  energy. 

Introduction 

Application  of  quantum  mechanical  or  classical  considera¬ 
tion  of  the  electromagnetic  radiation  field  depends  on  the 
relation  between  the  period  of  radiation  and  characteristic 
times  of  processes  involved.  L.V.  Keldysh  [1]  has  shown 
that  multi-photon  ionization  in  high-frequency  fields  and 
tunnel  ionization  in  dc  and  low-frequency  fields  are  two 
limiting  cases  of  just  the  same  nonlinear  optical  process. 
As  long  as  fir  1,  where  fi  is  the  frequency  of  the  radi¬ 
ation  field  and  r  is  the  tunneling  time,  an  electron  instan¬ 
taneously  follows  the  electric  field  and  the  tunneling  prob¬ 
ability  is  independent  of  fl.  This  has  been  experimentally 
proved  by  ionization  of  deep  impurities  in  semiconductors 
subjected  to  far-infrared  radiation  with  photon  energies 
much  smaller  than  the  binding  energy  of  the  impurities  [2- 
4].  The  emission  probability  of  carriers  was  found  to  be 
independent  of  the  radiation  frequency  in  a  wide  range  of 
frequencies  and  temperatures.  In  a  substantial  range  of  the 
electric  radiation  field  strength  the  emission  process  could 
be  attributed  to  phonon  assisted  tunneling  [2-5].  In  this 
case,  with  very  general  assumptions,  the  tunneling  time  r 
CAT!  be  shown  to  be  solely  determined  by  the  temperature, 
r  =  V(2A:nT). 

Thermal  emission  of  carriers  from  deep  impurity  bound 
states  into  the  continuum  is  usually  accomplished  by  ther¬ 
mal  activation  of  the  system  in  the  adiabatic  bound  state 
potential  and  tunneling  of  the  bound  defect  configuration 
into  the  ionized  configuration.  The  tunneling  trajectory 
can  be  split  into  two  parts  through  the  barriers  formed  by 
the  ground  and  ionized  state  potentials  corresponding  to 
tunneling  times  ti  and  r2.  This  gives  a  total  tunneling 
time  r  =  rj  ±  r2,  where  the  plus  and  minus  sign  depends 
on  the  configuration  of  the  adiabatic  potentials  [3,4]. 


An  electric  field  enhances  defect  tunneling  due  to  electron 
tunneling  through  the  barrier  formed  by  the  impurity  po¬ 
tential  and  the  potential  of  the  electric  field.  This  cor¬ 
responds  to  a  lowering  of  the  adiabatic  potential  of  the 
ionized  state.  Thus  tunneling  emission  of  carriers  in  an 
electric  field  is  controlled  by  =  h/{2kBT)  ±  n,  where  tx 
is  of  the  order  of  the  period  of  the  impurity  vibration  [5]. 
The  ionization  probability,  being  independent  of  the  ra¬ 
diation  frequency,  increases  with  rising  peak  electric  field 
strength,  E,  like  exp{E^/El)  with  a  characteristic  field 
Ec  —  {{im*h)/{r2e^)yf^  decreasing  with  falling  tempera¬ 
ture. 

Here  we  report  on  the  first  observation  of  frequency  depen¬ 
dence  of  the  ionization  probability  which  can  be  ascribed 
to  the  onset  of  the  transition  from  tunnel  ionization  to 
multi-photon  ionization  in  high  frequency  dectromagnetic 
fields. 

Results  and  Discussion 

The  investigation  has  been  carried  out  on  Ge:Hg  in  the 
temperature  range  between  40  K  and  90  K  where  the 
90meV  deep  impurities  are  occupied  in  thermal  equilib¬ 
rium.  The  radiation  source  used  was  a  pulsed  far-infrared 
molecular  laser  optically  pumped  by  a  TEA-CO2  laser. 
Using  NH3  as  active  gas,  40  ns  pulses  with  a  peak  power 
of  100  kW  h  ave  been  obtained  at  wavelengths  of  35  /im, 
76  /im,  90  /im,  148  fim,  and  280  /im. 


Fig.  1  shows  the  dependence  of  ln(cr,*/{7^)  on  the  square 
of  the  amplitude  of  the  optical  electric  field  for  Ge:Hg 
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for  different  wavelengths  and  T  =  40  K.  Here  (n  and  <r.- 
are  the  dark  and  irradiation  induced  conductivities  of  the 
sample,  respectively.  Fig.  1  shows  that  there  is  a  range 
of  el^tric  field  strength  where  the  probability  of  pho- 
to^dtation  e(£?)/e(0)  =  ai/ai  depends  on  the  electric 
fidd  ^  exp(JS^/£'*2j  ^  characteristic  field  strength 

.E*.  like  in  the  case  of  Qn  C  1.  The  magnitude  of  E*, 
however,  depends  strongly  on  the  wavelength  in  the  pre- 
^ted  spectral  range  between  35 pm  and  280pm.  Thus, 
in  contrast  to  the  case  of  higher  t^peratures  and  in  turn 
smaller  75,  when  the  ionization  probability  e(jE)/e(0)  does 
not  depend  on  the  firequency  [4],  at  low  temperatures 
or  higher  frequencies  the  c(^)/e{0)  is  firequen^  depen¬ 
dent.  The  ionization  probability  increases  with  rising  ftrj. 
For  the  following  discussion  we  introduce  rS  defined  by 
“  ((3i77*fi)/(e*r2^)*/^.  In  the  limit  Qr^  ^  1,  ap¬ 
proaches  rj. 


reduction  of  tunneling  probabiUty  by  the  oscillation  of  the 
barrier  leading  to  an  increase  of  electron  emission  rate  with 
increasing 

The  ionization  probability  can  be  calculated  assumine  a 
classical  electric  field  E  =  Ecos{(lt)  yielding  the  expo¬ 
nential  dependence  of  the  emission  probabilty  e(E)  on 
given  above  with  ^ 

3  1 

~  4  -2CIt2) 

where  rj  is  the  tunneUng  time  in  the  limit  of  zero  frequency. 


Ge:Hg 

-  calculatloas 

■  x«S5(im 

•  XB76|im 
^  I  ■  905  pm 
»  Xei48pm 

♦  Xe2e0pm 
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Fig.  2 

The  situations  for  electron  tunneling  out  of  the  potential 
.  well  of  a  deep  impurity  are  sketched  in  Fig.  2  for  the  limit¬ 
ing  case  fir2  <  1  (trajectory  1)  and  for  nr2  >  1  (trajectory 
2).  As  thermal  population  decreases,  but  the  tunneling 
probability  through  the  triangular  potential  well  increases 
with  rising  energy,  there  is  an  optimum  energy  em  of  high¬ 
est  electron  emission  rate.  In  the  case  of  (Ir^  ^  1,  due 
to  the  exponential  dependence  of  the  tunneling  probabil¬ 
ity  on  the  electric  field  strength,  an  electron  will  tunnel 
through  the  barrier  in  a  time  much  shorter  than  when 
the  slope  of  the  potential  generated  by  the  electric  field  is 
largest  (trajectory  1  in  Fig.  2).  This  process  is  fast  com¬ 
pared  to  the  radiation  period.  If  firi  >  1  the  electron 
tunnels  through  an  oscillating  barrier  whidi  decreases  the 
tunneling  probability.  On  the  other  hand,  during  tunnel¬ 
ing  the  electron  can  absorb  energy  firom  the  radiation  fields 
leaiwg  the  triagulu  barrier  at  a  higher  energy,  e  >  £„ 
(trajectory  2  in  Fig.  2).  By  this  the  effective  width  of  the 
barrier  is  reduced  and,  thus,  the  tunneling  probability  en¬ 
hanced.  The  electron  emission  rate  increases  because  at 
higher  frequencies  a  smaller  number  of  photons  are  needed 
for  optical  excitation.  With  increasing  radiation  frequency 
•this  process  proceeds  into  multi-photon  ionization  of  the 
impurity.  Generally,  multi-photon  transitions  override  the 


ox. 

Fig.  3 

In  Fig.  3  r2  /t^  is  plotted  as  a  functioii  of  calculated  af¬ 
ter  this  equation  and  compared  to  experimental  results  ob¬ 
tained  from  measured  values  of  for  various  wavelengths. 

E^eriment  and  theory  are  in  good  agreement  showing  that 
I2 /j'2  approaries  unity  for  flr2  <  1  which  means  that  tun¬ 
nel  ionization  is  frequency  independent.  At  larger  values  of 
V2i  ^2  /t2  increases  corresponding  to  enhanced  ionization 
probability. 
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Abstract 

The  present  status  of  tunable  sources  in  the  frequency  range 
03-lOTHz  (1000>30|im)  is  reviewed  Future  prospects  are 
discussed  with  spedfic  emphasis  on  the  requirran^t  for  CW 
narrow  linewidth  sources  of  suflidoit  power  to  be  used  as 
local  oscillators  in  heterodyne  spectroscc^y. 

1.  Introduction 

Dye  lasers,  optical  parametric  osdllators  and  diode  lasers  are 
convenient  tunable  CW  sources  for  the  ultraviolet,  visible  and 
mudi  of  the  infrared  region.  With  alloy  semiconductors  such 
as  PbSnTe  modest  powers,  but  quite  suffldent  for  high 
resolution  spectroscopy,  are  available  out  to  just  beyond 
30|xm.  A  wide  range  of  both  electron  beam  and  solid  state 
sources  cover  the  microwave  and  millimeter  range  and  some  of 
these,  for  example,  backward  wave  osdllators,  resonant  tunnd 
diodes  and  Josq)hson  osdllators  extend  the  frequen<^  range  to 
about  ITHz  (300pm).  Free  dectron  lasers  (FELs)  cover  the 
entire  spectrum  from  the  visible  to  millimeter  wavelengths 
but  these  are  pulsed  sources  and  have  the  added  disadvantage 
that  the  experimenter  must  travel  to  one  or  more  of  the  FEL 
facilities. 

It  is  therefore  not  surprising  that  most  infrared  and  far-infrared 
spectroscopy  is  still  performed  with  conventional 
spectroscopic  instruments.  Fourier  transform  Michel  son 
interferometers  will,  for  example,  give  resolving  powers  of 
better  than  10^  at  lOOpm  and  Fabry-Pwot  instruments  can 
improve  this  to  above  10^.  A  resolving  poww*  of  10^  at 
100pm  corresponds  to  a  linewidth  of  30MHz.  The  usual 
spectroscopic  source  is  a  mercury  arc  but  at  long  wavdengths 
the  average  power  produced  by  synchrotron  sources  such  as  the 
National  Sychrotron  Light  Source  at  Brookhaven  is  one  to 
two  orders  of  magnitude  greater  [1]. 

An  attractive  altmiative  to  convrational  spectroscopy  is  to 
employ  a  fixed  frequency  local  oscillator  (LO)  source  in  a 
heterodyne  system.  Optically  pumped  far-infrared  lasers 
(OPFIRLs)  provide  many  CW  lines  in  the  terahertz  region  at 
power  levds  >lmW  and  linewidths  of  lOOkHz  or  less.  When 
such  a  line  is  mixed  with  another  source  the  frequency  range 
over  which  mixing  will  occur  is  dependent  on  the  bandwidth 
of  the  mixer.  Using  Schottky  diodes  heterodyne  spectroscopy 
can  tune  over  a  few  10s  of  GHz  corresponding  to  about  ± 
1pm  at  100pm.  Although  this  range  is  small  the  potential 


resolution,  with  a  lOOkHz  bandwidth  LO  is  3x10'^.  This 
fonn  of  spectroscopy  has  been  v^y  successful  in  observing 
narrow  line  rotational  emissions  in  both  astronomy  and 
pollution  monitoring  [2]  [3]. 

A  further  alternative,  but  in  practice  rather  indfidoit,  method 
erf  performing  high  resolution  far-infrared  spectroscopy  is  to 
me  the  demodulation  of  a  mode-locked  femtosecond  pulse 
train  by  means  of  a  subpicosecond  response  time 
photoconduedve  'switch*.  The  frequency  domain  spectrum  is 
given  by  the  Fourier  transform  of  the  envelope  of  the  time 
domain  optical  pulse  train  convoluted  with  the  time  response 
of  the  photoconduedve  process.  Using  an  extremely  stable 
mode-locked  Ti: Sapphire  laser  and  a  low  temperature  grown 
GaAs  (LTG-GaAs)  switdi  a  resoludon  of  ^lOOkHz  has  been 
obtained  at  880pm  [4].  This  type  of  source  may  be 
extendable  to  significantly  high^  frequencies  by  exciting 
osdlladons  in  semiconductor  superlatdces  but  the  power 
levels  may  be  too  low  to  be  usdul. 

However,  for  convenient  high  resoludon  spectroscopy  a 
narrow  line  tunable  CW  source  is  needed.  Ideally  this  should 
be  compact  and  rugged  enough  to  operate  in  hosdle 
environments  and  have  sufficient  power  to  be  used  as  an  LO 
in  heterodyne  systems.  Sources  can  be  conveniendy  divided 
into  two  categories:  fundamental  or  relying  on  some 
frequency  conversion  process. 

2.  Fundamental  osdllators 

Tradidonally  sources  in  the  millimeter  wave  region  were 
divided  into  dectron  beam  and  solid  state  osdllators,  but  with 
the  advent  of  lasers  a  more  logical  sqjaradon  is  into  'transit 
dme*  and  'energy  transidon'  devices.  This  alerts  one 
immediately  to  the  main  problem  of  extending  solid  state 
microwave-type  sources  to  higher  frequendes;  the  frequency 
of  operadon  is  determined  by  the  dme  takra  for  current 
carriers  (usually  electrons)  to  transit  the  device.  Therefore  for 
solid  state  oscillators  fast  carriers  are  needed  in  short  length 
structures.  Furthermore,  it  is  also  necessary  to  retain  negative 
resistance  to  provide  a  transferred  dectron  effect,  and  diis  again 
sets  a  requiremoit  that  the  source  must  be  small,  as  any  stray 
resistance,  capadtance  or  inductance  will  cause  the  negative 
resistance  to  be  overcome  by  positive  terms  as  the  frequency 
is  increased.  An  almost  inevitable  consequence  of  small 
devices  is  low  power  output. 
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With  conventioiial  dectron  beam  devices  there  are  somewhat 
diflerent  problems  but  with  a  similar  outcome.  The  basic 
problems  are:  (1)  as  the  dimensions  of  the  structure  are  scaled 
in  proportion  to  the  wavelength,  machining  problems 
multiply  and  there  is  increasing  heat  dissipation  due  to 
unwanted  interaction  between  the  dectrons  and  the  structure; 
(2)  the  rf  curroit  losses  increase  because  of  the  decrease  in  skin 
depth  and  the  increasing  significance  of  machining 
impofections.  The  beam  current  required  fw  oscillation  is 
therefore  increased  causing  further  heating  problems. 

In  both  solid  state  transit  time  osdllators  and  conventional 
dectron  beam  devices  the  upper  frequenqr  limit  is  about  ITHz 
md  one  suspects  that  progress  to  higher  frequendes  will  be 
liimted.  For  this  reason  there  is  increasing  research  on  laser 
sour^  and  electron  beam  structures  using  optical  type 
cavities  (eg  Smith-Purcell  sources)  for  the  1-lOTHz  region.. 
The  following  sections  consider  some  of  the  more  useful 
fundammtal  sources  begiiming  with  dectron  beam  devices. 

3.  Backward  Wave  Oscillators  (BWOs) 

The  BWO  (cardnotron)  is  the  only  commercially  available 
CW  dectron  beam  source  to  oscillate  at  frequendes  above 
llHz.  Its  advantages  are  that  it  combines  a  broad  tunable 
bandwidth  of  ±  10-15%  around  the  centre  frequency  and 
produces  rdatively  high  powa-.  linewidths  of  IMHz  ate 
readily  obtainable  and,  with  good  stabilization,  lOOkHz  is 
feasible.  The  output  power  varies  from  dose  to  IW  at 
300GHz  to  less  than  ImW  at  the  highest  operating  frequency 
of  about  1.211^  The  main  disadvantages  are  cost  and  a 
limited  lifetime. 

4.  Gyrotron 

The  extension  of  gyrotron  frequendes  to  above  300THz 
requires  very  large  magnets.  However,  gyrotroirs  do  produce 
sigmficant  output  on  harmoirics  of  their  fundamental 
freqwncy  although  usually  in  rather  high  modes.  Thoe  is  a 
requir^ent  for  a  high  power  terahertz  source  in  plasma 
scattering  experiments  and  at  least  one  laboratory  is 
devdoping  CW  gyrotrons  with  magnetic  fidds  up  to  ITT  [5], 
However,  one  can  only  envisage  these  as  spedalist  devices. 

5.  Free  Electron  Lasers  (FELs) 

FEL  facilities  exist  which  can  provide  high-power  pulsed 
ouqiut  at  any  infrared  wavelength.  For  THz  frequendes  the 
most  useful  are  at  the  FOM  Institute  at  Rijnhuizen  in  the 
Netheriands  [6]  and  at  the  University  of  California  at  Santa 
Barbara  (UCSB)  [7].  FELIX-1  and  -2  at  FOM  cover  the  range 
5-1 10pm  and  have  a  macropulse  lasting  ~I0ps  with  peak 
power  of  a  few  kW  and  a  repetition  rate  of  10s  of  Hz.  The 
macropulse  consists  of  micropulses  each  a  few  ps  long. 


s^arated  by  Ins  and  with  peak  powers  in  the  MW  region. 
UCSB  has  ^o  FELs  covoing  62-3 13pm  and  340pm-2.5mn. 
The  ouqmt  is  in  pulses  lasting  ~20ps  at  a  rqredtion  rate  up  to 
4Hz  and  with  no  micropulse  structure.  Ouqiut  power  varies 
with  wavelength  and  is  in  the  2-20kW  range.  Other  long 
wavdength  FEL  facilities  are  available  at  ENEA,  Frascati, 
Itdy  and  Stanford  University,  USA. 

6.  Smith-Purcdl  Sources 

If  an  electron  beam  passes  dose  to  a  p^odic  structure,  such 
as  a  ruled  metallic  ^fraction  grating,  the  electrorrs  induce 
surface  charge  osdllations.  In  1953  Smith  and  Purcell 
produced  visible  light  using  300keV  electrons  and  a  grating 
period  of  L67pm  [8].  Their  output  was  spontaneous 
emission  but  at  longer  wavelengths,  with  high  beam  current 
density  and  suitable  optical  feedback,  oscillation  occur. 
The  eimssion  process  is  analogous  to  an  FEL  with  the  grating 
replacing  the  undulator  or,  alternativdy,  one  can  lilfftn  it  to  a 
BWO  but  with  an  optical  rather  than  a  waveguide  cavity.  In 
the  late  1960s  to  1970s  groups  in  Russia,  Japan  and  the  USA 
achieved  ronsiderable  success  in  produdng  millimeter  wave 
sources  with  Smith-Purcell  radiation  using  names  such  as 

orotron  and  ledatron  to  desoibe  their  structures.  Tuning  ovct 

a  30%  range  was  achieved  by  varying  the  electron  beam 
en»gy. 

In  recent  years  Walsh,  at  Dartmouth  College,  USA.  with 
collaborators  both  tho-e  and  at  various  other  laboratories  has 
bera  studying  both  spontaneous  and  osdllating  radiation  from 
Smith-Purcell  sources  at  THz  frequendes.  His  most  recent 
experiment  uses  a  continuous  beam  of  20-40keV  electrons  in 
a  'converted'  scanning  electron  microscope.  With  this  not 
only  has  spontaneous  radiation  been  observed  [9]  but,  with  the 
highest  current  densities  available  from  the  tungsten  cathode  at 
presort  used,  sigmficant  gain  has  been  achieved  at  frequendes 
above  ITHz.  with  a  beam  voltage  of  25kV.  Using  improved 
cathode  materials  a  useful,  relatively  compact  CW  tunable 
source  ^eems  eminently  plausible.  With  40keV  electrons 
output  up  to  several  THz  should  not  be  a  problem. 

7.  Resonant  Tunnel  Diodes 

The  progress  of  semiconductor  manufacturing  has  led  to  the 
production  of  devices  where  the  properties  depend  on  structures 
with  dimensions  smaller  than  the  typical  free  path  of  carriers 
within  the  device.  Resonant  tiumelling  is  a  particularly 
interesting  transport  process  occurring  in  one  of  these 
'low-diniension'  heterostructurcs  and  has  led  to  the 
construction  of  room  temperature  osdllators  with  frequendes 
approaching  ITHz. 

For  the  construction  of  a  high  frequency  osdllator  the  most 
useful  structure  is  the  double  barrier  resonant  tuimel  diode 
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(DBRTD).  As  its  name  implies,  two  barrier  layers  of  a 
semiconductor  material  are  embedded  within  another 
semiconductor  which  has  a  smaller  energy  gap.  In  simplistic 
terms  the  two  barrier  layers  act  as  a  •Fatey-Po'ot  cavity  for 
electrons'.  The  prop^lies  of  electrons  travdling  through  the 
device  can  be  described  in  terms  of  a  wave  with  frequency  and 
wavelength  related  to  energy  and  momentum.  When  a 
voltage  is  ^^lied  to  the  structure  this  increases  the  energy  of 
the  dectrons  and  at  a  cortam  potential  a  multiple  of  their 
wavelength  exactly  matdies  the  gap  between  the  barrier  layers 
(the  resonant  condition),  producing  maxliniitn  curr^t  flow. 
At  slightly  higher  cm*  lower  potential  the  current  is  reduced, 
thus  providing  the  negative  resistance  effect  required  for 
osdllatioiL  A  further  increase  of  volt^e  then  leads  to  another 
resonant  ccMidition.  Wth  InAs>AlSb  DBRTD  devices  a  powCT 
of  0.5pW  has  been  produced  at  the  highest  oscillation 
frequency  (^*7120112  [10]. 

8.  P-Germanium  LasCTS 

This  is  a  rdadve  newcomer  among  far-infrared  sources.  It  has 
two  disadvantages  in  that  it  requires  cooling  to  below  --ISK 
and  is  at  preset  a  pulsed  source.  Its  great  advantage  is  that  it 
is  tunable  betwem  70-300pm,  aregion  not  at  present  covered 
by  any  other  fundamental  tunable  source. 

Although  the  inversion  process  is  quite  complex  it  is 
relatively  easy  to  describe  qualitativriy.  By  simultaneously 
applying  high  electric  and  magnetic  fields  to  low-doped 
uncompoisated  p-Ge  an  inversion  of  population  is  produced 
between  the  light  and  heavy  hole  bands.  The  electric  field 
raises  the  aicrgy  of  the  holes.  When  they  reach  the  optical 
phonon  oiergy  scattoing  occurs  and  the  holes  are  distributed 
into  both  the  light  and  heavy  hole  bands.  The  magnetic  field 
then  'traps*  the  light  holes  into  an  aiergy  levd  less  than  the 
optical  phonon  energy  and  in  the  pure  material  there  is  very 
little  scattering.  This  ensures  a  long  lifetime  for  the  light 
holes.  However,  the  heavy  holes  continue  to  be  scattered  and 
therefore  have  a  short  lifetime.  Because  the  light  and  heavy 
hole  bands  are  not  paralld,  lasing  occurs  over  a  wide  range  of 
photon  energies. 

Initially  experimenters  used  large  germanium  rods,  typically 
with  cross-sections  of  7x7mm^  and  lengths  of  35-50mm. 
These  were  cooled  by  immersion  in  liquid  helium,  to  avoid 
light  hole  scattering.  The  required  magnetic  field  of  03-2.0T 
was  provided  with  a  superconducting  solenmd.  Electrical 
input  powers  were  of  the  order  of  lO^W  with  FIR  output 
powers  of  ^lOW,  indicating  a  conversion  efltdency  of 
Not  surprisingly,  heating  effects  in  the  crystal  restricted 
operation  to  short  pids^;  when  the  temperature  rose  above 
^18K  oscillation  ceased  With  these  large  crystals  the  lOW 
output  was  typically  in  l|is  long  pulses  at  a  lOHz  r^tition 
rate.  Recently  attempts  have  been  made  to  improve  the  duty 
cycle  of  these  lasers  and,  by  using  yery  small  p-Ge  rods. 


Bitindermann  et  al  [1 1]  have  achieved  rq>etition  rates  >lkHz 
with  pulse  loigths  rf  ^2.5ps.  Output  powers  are  in  the  mW 
range.  Thdr  goal  is  to  obtain  CW  pow^  of  ImW  with  input 
power  of  low.  The  low  tempmtuie  required  could  thai  be 
achieved  with  a  Stilling  <^cle  cooling  engine.  Very  recratly 
opoation  of  ap-Ge  laser  in  a  dosed  cyde  rdrigerator  has  been 
demonstrated  [12].  Mixing  expaiments  using  an  OPFIRL  as 
the  local  oscillator  show  that  the  linewidth  of  the  p-Ge  laser  is 
IMHz  or  less. 

9.  Josq)hson  Oscillators 

Osdllators  based  on  the  Jos^hson  effect  have  existed  for 
many  years.  Apart  from  the  necessity  of  cooling  to  liquid 
helium  temperature,  the  main  problem  has  been  low  ouq>ut 
power  at  the  nanowatt  level.  Recent  woik  on  long  overiap 
-junctions  called  flux-flow  oscillators  (FFOs)  has  produced 
output  dose  to  l|iW  and  there  have  been  various  reports  of 
arrays  of  both  conventional  junctions  and  FFOs.  For 
example,  Han  et  al  [13]  used  500 junctions  in  a  linear  array  to 
produce  47pW  at  394  GHz  and  lOpW  at  500GHz.  The 
minimum  linewidth  of  these  sources  appears  to  be  about 
200kHz. 

Semiconductor-Insulator-Smiconductor  (SIS)  mixers  are  used 
in  very  low  noise  heterodyne  systems  at  frequendes  up  to 
ITHz  and  a  particular  advantage  of  using  Josq)hson  devices 
for  both  LO  and  mixer  is  the  convenience  of  integrating  them 
in  a  single  structure. 

10.  Frequency  Converters 

Conventional  three-wave  mixing  and  parametric  systems  have 
been  used  to  produce  pulsed  output  in  the  THz  region.  For 
example,  a  parametric  oscillator  using  liNbO^  pumped  with  a 
Q-switched  ruby  laso*  operated  from  150-700pm  [14].  Such 
systems  have  been  largdy  unsuccessful  in  pnxiucing  useful 
CW  output  in  the  THz  region.  However,  a  variety  of 
altmiative  methods  have  be«i  employed  to  provide  tunable 
output  for  conventional  high  resolution  spectroscopy  and,  in 
some  instances,  with  suffldent  power  to  act  as  LOs  in 
heterodyne  systems.  The  following  sections  are  a  brief 
description  of  the  present  state-cf-the-art 

11.  Harmonic  Gen^tion 

For  fifty  years  the  geno’ation  of  harmonic  radiation  using 
microwave  and  millimeter  wave  sources  and  non-linear  devices 
has  been  a  convenient  way  of  producing  THz  radiation.  Most 
systems  now  use  Gunn  osdllators  and  metal -GaAs  point 
contact  Schottky  diodes  and  the  best  result  reported  used  two 
tripler  stages  and  a  70mW  CW  Gunn  diode  at  llOGHz  to 
produce  an  output  of  60pW  at  ITHz.  Only  a  fairly  limited 
tuning  range  was  available  because  the  effidency  of  the  tripler 
stages  falls  rapidly  away  from  the  designed  centre  frequency. 
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12.  Mixing  and  Sidd>and  Generation  in  Diodes  [15] 

In  the  Introduction  it  was  pointed  out  that  heterodyne 
spectroscopy  could  be  performed  using  a  fixed  frequency  LO 
source  and  a  Schottky  diode.  Heterodyne  systems  are  also 
used  to  generate  tunable  radiation  by  mixing  a  tunable 
microwave  source  with  a  fixed  frequency  laser,  either  a 
fundamental  FIR  laser  or  an  OPFIRL.  The  sidebands  produced 
in  this  way  are  at  rdadvely  low  power,  typically  10-5-10-%, 
but  have  linewidths  of  '“lOOkHz,  allowing  very  high 
resolution  q)ectro5Copy. 

An  alternative  system  which  provides  less  output  power  but 
even  higher  resolving  power  is  to  mix  the  output  of  two  OO2 
lasers  in  a  MIM  diode.  By  using  one  high  pressure  Op2  laser 
which  is  tunable  within  a  rotational  line  and  mixing  it  with  a 
dilTaoit  rotational  line  from  a  fixed  frequency  CO2  laser  a 
limited  long  wavelength  tuning  range  can  be  obtained.  For 
greater  tuning  two  fixed  frequency  CO2  lasers  can  be  mixed 
with  a  microwave  source  producing  a  frequoicy  of  VCC)2(1)  - 
VC02(2)  ±  Vmfv  With  such  systems  tuning  has  been 
obtained  over  virtually  the  entire  range  of  0.3-6THz,  with  a 
linewidth  of  only  35kHz,  thus  providing  a  resolving  power  of 
more  than  10®  at  the  higher  frequencies. 

13  Optical  Heterodyne  OmvCTsion 

Photomixing  of  two  lasers  in  resistive  donents  was  used  in 
the  1960s  to  generate  microwave  radiation  [16].  Recent 
optical  hetCTodyne  researdi  has  be«i  led  by  Brown,  at  MTTs 
Lincoln  Laboratory,  and  uses  low-temperature-grown  GaAs  as 
the  photomixer  [17].  This  material  has  a  photoconductive 
lifetime  of  <lps,  good  mobility  and  a  high  electrical 
breakdown  field.  Initial  experiments  employed  one  fixed 
frequency  and  one  tunable  Ti:Al2P3  l^ser  but  later  these  were 
replaced  by  diode  lasers.  CW  photomixing  has  be^  adiieved 
over  the  entire  range  from  20GHz-3.8THz  (1.5cm-80(un). 
Powers  arc  small,  eg  Ipw  at  300pm,  but  at  least  a  S%  power 
conversion  efficiency  is  predicted  between  the  0.8pm  pump 
wavelength  and  an  output  wavelength  of  1000pm.  linewidth 
measuranents  suggest  that  lOOkHz  is  an  achievable  goal  and 
sources  of  this  type  will  be  very  useful  tunable  IHz  sources, 
with  sufficient  power  to  act  as  the  LO  in  some  heterodyne 
systems. 

14.  Conclusion  and  Future  Developments 

Although  much  research  is  still  required,  Smith-Purcell 
devices  or  p-Ge  lasers  seem  the  most  promising  sources  of 
tunable  radiation  with  significant  power  at  frequencies  above 
ITHz.  The  advantages  of  Smith-I^cell  sources  are  thar^  like 
RELs,  there  is  no  fundamental  restriction  to  the  operating 
frequency,  CW  operation  has  been  demonstrated  and  they  are 
room-temperature  devices.  Even  at  this  early  stage  of  their 


devdopmoit  the  output  power  is  otdoa  of  magnitude  higher 
than  that  from  a  mercury  arc  and  it  should  soon  be  a  compact 
competitor  to  syndirotrons  as  a  long  wavdength  source  for 
spectrosTOpy.  We  hope  that  further  researdx  wUl  lead  to  a 
narrow  linewidth  dectron  beam  source  for  frequendes  above 
ITHz,  where  BWOs  do  not  opmte. 

The  p-Ge  laser  seems  reladvdy  dose  to  becoming  a  valuable 
source  m  the  difficult  region  of  l-dlHz.  A  compact  tunable 
source  is  needed  in  this  frequency  range  as  an  LO  in  high 
resolution  spectroscopic  systems  for  pollution  monitoring, 
■ae  next  genoation  of  mixers  for  these  frequendes  seems 
likdy  to  be  hdium-cooled  dectron  bolometers  requiring  LO 
powers  of  10s  of  pW.  A  compact  structure  of  p-Ge  laser  and 
bolometo*  can  be  envisaged. 

It  does  not  se«n  likely  that  convaitional  diode  lasers  will  be 
produced  for  frequoides  much  bdow  lOTHz,  as  there  has  be«i 
negligible  progress  in  the  past  twenty  years.  Quantum 
soniconductor  structures  [18]  probably  offw  the  best  hope  for 
designing  solid-state  tunable  lasers  in  the  gap  between  diode 
lasers  and  the  shortest  wavelength  of  the  p-Ge  laser. 
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Ahstnct  The  confinement  of  mirror  trapped  electrons 
under  the  infiuence  of  DC  space  charge  and  their  ef¬ 
fect  on  the  velocity  distribution  in  a  Magnetron  In¬ 
jection  Gun  are  studied  anal}^ically  and  numerically. 

An  important  issue  in  the  design  of  magnetron 
injection  guns  (MiG’s)  is  the  spread  in  transverse  ve¬ 
locities  of  the  beam  emerging  from  the  gun.  A  major 
cause  of  velocity  spread  is  the  presence  of  a  spatially 
inhomogeneous,  steady,  self  electric  field  which  pref¬ 
erentially  accelerated  and  decelerates  electrons  de¬ 
pending  on  their  gyro-phase  [1,2].  A  consequence  of 
the  spread  in  velocities  is  that  electrons  with  higVi 
transverse  momenta  can  be  refiected  at  the  magnetic 
field  maximum  and  travel  back  and  forth  between  it 
and  the  cathode.  These  trapped  electrons  can  further 
degrade  the  quahty  of  the  electron  beam  [3]. 

Previously,  we  investigated  the  limitation  of  the 
life  time  of  such  trapped  electrons  due  to  pitch  an¬ 
gle  scattering  by  the  spatially  inhomogeneous  electric 
field  [4].  It  was  found  that  the  lifetime  of  most  elec¬ 
trons  was  Umited  to  a  score  of  bounces  by  this  effect. 
However,  some  electrons  become  very  deeply  trapped 
due  to  pitch  angle  scattering  and  these  electron  have 
extremely  long  lifetimes.  Absent  other  mechanisms 
to  remove  deeply  trapped  electrons,  they  would  soon 
come  to  dominate  the  space  chsorge  in  the  gun. 

In  this  paper  we  investigate  two  aspects  of  the  role 
of  trapped  electrons  in  a  MIG  gun.  First,  the  limita¬ 
tion  in  the  confinement  time  of  trapped  electrons  due 
to  azimuthally  nonsymmetric  fields  is  studied.  We 
find  that  even  a  small  azimuthal  asymmetry  in  the 
beam  density  provides  sufficiently  large r£uiial  ExB 
drift  velocity  to  carry  electrons  to  the  modulation 
anode  after  about  50  -  100  bounces.  This  is  illus¬ 
trated  in  Fig.  1  where  the  bounce  points  of  an  elec¬ 
tron  in  the  transverse  plane  at  the  axial  position  of 
the  mod-anode  of  a  MIG  corresponding  to  that  used 
in  the  MIT  170  GHz  gyrotron  [5]  are  presented.  In 
the  figure,  the  soHd  circle  represents  the  mod-anode. 


Fig.l  The  azimuthal  drift  and  radial  excursion  of 
bouncing  electrons. 

and  dashed  circle  represents  the  radial  position  of  the 
electrons  emitted  from  the  cathode.  Ideally,  trapped 
electrons  will  drift  only  azimuthally  adong  the  dashed 
circle.  However,  any  azimuthal  inhomogeneity  in  the 
current  will  cause  radial  excursions  to  occur.  Calcula¬ 
tion  shows  that  trapped  electrons  will  gain  radial  dis¬ 
placements  large  enough  to  hit  the  mod-anode  after 
several  dozens  of  bounces  even  if  a  small  iuhomogene- 
ity  is  assumed.  The  positions  of  bouncing  electrons 
after  10  bounces  are  given  by  the  solid  dots  in  Fig.l, 
initially  these  electrons  uniformly  distributed  along 
the  d^hed  circle.  A  detaUed  calculation  of  this  loss 
effect  is  presented  in  a  forthcoming  paper. 

A  simulation  of  the  resulting  velocity  distribution 
when  orbit  losses  and  pitch  angle  scattering  are  com¬ 
bined  is  displayed  in  Fig.2.  The  beam  distribution 
function  in  the  gun  consists  of  a  group  of  electrons 
near  the  mean  perpendicular  energy,  E±,q  =  /io.B/2, 
along  with  a  high  perpendicular  energy  “tail”  of  elec¬ 
trons.  Some  of  these  tail  electrons  escape  the  gun  by 
hitting  the  mod  anode,  while  the  others  pitch  angle 
scatter  and  leave  through  the  cavity. 
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F^.2  The  equilibrium  distribution  in  fi,  where  the 
mitial  fraction  of  reflection  is  4.97%. 

The  number  of  reflected  electrons  depends  on  the 
mean  perpendicular  energy,  the  perpendicular  energy 
spread,  and  the  cavity  magnetic  field.  In  the  second 
part  of  our  study  we  investigate  the  effect  of  the  space 
^arge  of  reflected  electrons  on  the  properties  of  the 
forward  beam.  To  do  this,  we  inject  electrons  from 
the  (ayity  and  calculate  the  motion  of  both  forward 
^d  mjected  electrons  simultaneously.  Here,  we  let 
the  number  of  trapped  electrons  be  a  parameter  and 
combine  our  pitch  angle  scattering  model  with  the 
particle  simulation  code  EGUN.  A  typical  trajectory 
plo^iShowing  forward  and  trapped  electrons  appears 

The  resulting  mean  perpendicular  velocity  and 
the  rms  spread  in  the  forward  beam  versus  the  trapped 
to  forward  current  ratio  is  shown  in  Fig.4.  As  is 
cW  from  the  figures,  the  velocity  spread  increases 
With  the  injected  current,  and  the  mean  perpendic- 
ular  mornentum  decreases.  However,  for  the  present 
design  [5]  beam  properties  are  essentially  unmodified 
unless  the  reflected  current  exceeds  the  forward  cur¬ 
rent.  The  dependence  of  mean  perpendicular  energy 
on  trapped  current  ratio  is  such  that  reflection  pro¬ 
cess  is  self  limiting  [6]. 

In  conclusion,  deeply  trapped  electrons  are  re¬ 
moved  m  the  presence  of  asymmetric  fields,  by  strik- 

present  model  where 
all  field  are  steady,  a  large  fraction  of  trapped  elec¬ 
trons  IS  required  to  modify  the  beam  properties. 

This  work  was  supported  by  the  USDOE  and  ONR. 


Axial  distance  (mm) 


Fig.3  A  trajectory  plot  of  forward  and  trapped  elec¬ 
trons  in  the  cathode  region. 


Fig.4  The  mean  <  /Ij.  >  and  the  rms  spread  ca,  of 
the  forward  beam  versus  jV/j/. 
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Abstract 

In  an  ej^rimental  gyrotron,  especially  nHapt^  fir 
measurement  of  the  eneigy  spread  in  the  electron  beam,  energy 
q)ectra  are  obtained  and  compared  with  theoretical 
estimations.  It  is  shown  that  even  without  the  RF 
oscillations,  the  spread  caused  by  q»aco<faarge  rffects 
(negative-mass  instability)  can  amount  several  per  cent 

Introduction 

The  ^  well-known  advantage  of  the  gyrotron  is  its  weak 
sensitivity  to  the  spread  in  electron  pitch  fector.  At  the  same 
time,  due  to  the  dependence  of  the  cyclotron  fiequen^  on  the 
relativistic  electron  energy,  the  gyrotron  is  sensitive  to  a 
spread  in  electron  ener^.  Such  a  spread  can  be  caused  in 
particular  by  the  excitation  of  parasitic  fields,  as  well  as  by 
development  of  space-charge  instabilities  in  dense  beams  in 
tire  re^on  of  the  beam  formation.  Possibly,  these  reasons 
explain  some  difference  between  experimental  and  calculated 
efiBciency  in  powerful  gyrotrons.  This  work  is  devoted  to 
measurement  of  the  energy  spread  in  the  gyrotron  electron 
beam  and  to  the  theoretical  explanation  of  its  origin.  As  the 
source^  of  the  sprea(^  the  known  space-diatge  (negative-mass) 
instability  is  considered.  This  instability  can  provide  the 
convective  amplification  of  perturbations  in  electron  density 
during  the  process  of  the  beam  formation  and  motion  fiom  die 
cathode  to  the  cavity.  Simultaneously,  the  spread  in  electron 
eneigy  also  grows  [1-3]. 

Experiment 

For  the  measurement  of  the  eneigy  spectrum,  the  modified 
malyzer  [4],  based  on  the  method  of  the  decelerating  voltage, 
is  used.  The  analyser  is  situated  fer  fiom  die  gyrotron  cavity, 
where  the  guiding  magnetic  field  is  very  small  and,  therefore, 
the  longitudinal  component  of  the  electron  velocity  is  much 
larger  than  the  transverse  one.  About  of  1%  of  the  electron 
current  only  passes  into  the  analyzer.  This  allows  die 
measurements  of  the  spread  in  total  electron  velocity  at 
operating  values  of  the  voltage  (tens  kV).  The  dependence  rf 
the  electron  current  fiom  the  analyzer  collector  on  die 
decelerating  voltage  /(£/)  is  measured,  and  similar  to  die 
velocity  spread,  the  energy  spread  is  characterised  by  the  value 
8e=(C/Q,  where  Uq  is  the  accelerating  voltage, 

C/o.9  and  C/qi  are  decelerating  voltages  corresponding  to 

electron  currents  0.9/nHx  and  0.1/n^  . 

B^use  the  goal  of  the  experiment  is  the  measurement  of  the 
initial  (before  the  cavity)  eneigy  spread,  the  excitation  of  the 
cavity  should  be  avoided.  Otherwise,  RF  fields  could  give 
some  additional  spread.  Thus,  the  measurements  were 
performed  only  in  &e  modelling  regime,  when  the  electron 
current,  the  accelerating  voltage  and  the  magnetic  field  are 
reduced  in  accordance  with  the  following  relations 


An  -  -  £^op  1^*  =  ^op  ^  0) 

wh«e  A  is  the  scale  coefiBcient  (in  the  experiment  k  =10).  In 
diis  case  the  impelled  electron  trajectories  in  the  modelling 
and  operating^  regimes  are  the  same.  The  parameters  of  the 


Operating  regime 

Modelling 

regime 

^Frequency,  GHz 

83 

• 

Power,  MW 

1 

Pulse  duration,  ^is 

100 

100 

Voltage,  kV 

70 

1  7 

Maximal  current  A 

40 

1.3 

Magnetic  field, 
kGs 

_ _ ^ 

30 

10 

R^lOkGs,  when  practically  no  electrons  are  reflected  fiom 
the  magnetic  mirror,  the  eneigy  spectrum  is  tymmetrical 
(Fig.l,  dashed  curve).  It  means  that  the  spread  is  caused  by 
the  eneigy  exchange  between  electrons.  At  smaller  magnetic 
fields,  R<10kGs,  due  to  accumulation  of  reflected  electrons 
and  excitation  of  parasitic  oscillations,  tiiere  are  an  additional 
broadening  of  the  distribution  function  and  a  shift  of  the  mean 
energy  (Fig.l,  solid  curve).  The  eneigy  spread  increases  with 
increase  of  the  current  and  decrease  of  the  magnetic  field 
(Fig.2).  In  the  modelling  regime,  corresponding  to  the 
operating  electron  current  (near  40A),  the  spread  amounts  4- 
6%  in  the  region  of  the  analyzer. 


Interpretation  of  the  Experimental  Results 
One  of  possible  effects,  causing  the  spread  in  electron  eneigy  in 
the  region  of  the  electron  beam  formation,  is  the  Negative- 
Mass  Instability  (NMI),  which  is  induced  by  the  effective 
attraction  of  rotating  electrons  due  to  the  relativistic 
dependence  of  the  cyclotron  fiequency  on  the  electron  eneigy 
and  the  Coulomb  interaction  of  the  charged  particles.  This 
l^ds  to  the  growth  of  perturbations  in  electron  density  and, 
simultaneously,  of  the  spread  in  electron  eneigy  in  the  beam  in 
a  non-oscillating  tube  between  the  cathode  and  the  cavity. 


P-  ,  w  .  U/U 

rig. I.  Measured  distribution  functions  over  electron  energy 
at  small  (solid)  and  large  (dashed)  magnetic  fields. 
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Fig.2.  Spread  In  electron  energy  versus  electron  current: 
aq>ermiental  results  and  numerical  calculations. 

At  the  linear  stage  of  the  instability,  the  perturbations  at 
different  tyclotron  harmonics  grow  independently  one  on 
mother.  For  the  homogeneous  magnetic  field,  die  dispersion 
m  electron  energy,  Z),  (which  for  the  case  of  foe  Gaussian 
distribution  is  connected  with  foe  measured  spread  as 
5e=256Z))  grows  with  foe  coordinate,  z,  as  it  follows 

with  foe  increment  Fn  =  [3,2].  Here  is  foe 

level  of  initial  perturbations  of  foe  electron  density  at  foe  n-fo 
cyclotron  harmonic,  is  foe  pitch  fector  close  to  foe 


<4/7  - 1)  mc^  Ro 

parameter,  and  are  the  Larmor  and  beam  radii  close  to 

die  cathode.  For  the  ideal  beam,  the  increments  practically 

do  not  depend  on  the  harmonic  number.  However,  the  account 
OT  initial  spreads  in  velocities  and  in  guiding  centres  of  flie 
el^on  rotation  leads  to  the  fest  deoiease  of  the  increment 
with  the  increase  of  the  harmonic  number  [2].  Iberefore,  the 
fimdamental  harmonic  is  the  most  important 
As  it  follows  from  Eq.(2),  at  the  fixed  voltage  the  spread 
mcreases  with  the  increase  of  electron  current  and  the  decrease 
of  the  magnetic  field: 

in  the  good  accordance  with  the  experimental  results  (Fig.2). 
At  the  transition  fi-om  the  modelling  to  operating  regimes,  flie 
spread  mcreases: 

4kzy  Z)^>(z)+  (i-  l)C,C|z3  /6 

However,  at  a  rather  small  distance  from  foe  cathode,  z,  aieigy 
spreads  in  foe  both  regimes  practically  coincide. 

In  foe  real  sitimtion,  foe  magnetic  field  varies  with  foe 
coa^ate.  In  this  case  for  foe  linear  stage  of  NMI  foe  profiling 
OT  foe  ma^etic  field  leads  to  dependence  of  foe  increment  on 
foe  coordinate  due  to  foe  two  reasons:  foe  variation  rf 
^I^rturbed”  characteristics  of  foe  beam  (qiace^haige 
density,  cyclotron  frequency,  pitch-factor),  and  foe  evolution  (f 
spatial  structure  of  foe  electron  density  perturbations  [5]. 
The  maximal  growth  of  NMI  takes  place  in  foe  region  of  foe 
maxunal  magnetic  field  (Fig.3).  As  for  foe  maximal  possible 
level  of  foe  spread  in  foe  saturation  stage  of  NMI,  it  practically 
does  not  depend  on  the  magnetic  field  profile  [5]: 


/>sat  lleUQ. 

(?) 

Let  us  notice,  that  at  foe  transition  from  foe  modelling  to  the 
operating  regime,  foe  saturated  spread  decreases, 

^sa?  =  ^sS^/ ijlc .  For  foe  studied  gyrotron,  Eq.(3)  gives 
foe  saturated  spread  in  foe  modeUing  regime  5e=25%  ,  being 

measured  spread.  Therefore,  foe 
NMI  development  has  foe  linear  character.  In  this  case  foe 
spr^  depends  on  foe  initial  level  of  foe  perturbations,  fr, , 

wWch  can  be  found  by  foe  comparison  of  numerical 
cdculations  and  experimental  results,  and  it  proves  to  be 
mdqiradent  on  foe  value  of  foe  magnetic  field  (Fig.2). 
Knowing  foe  value  of  frj ,  one  can  calculate  foe  dependence  cf 
foe  spread  on  foe  coordinate  (Fig.3)  and,  therefore,  to  find  foe 
spre^  at  foe  i^ut  of  foe  gyrotron  cavity.  For  foe  ejqjerimental 
gyrotron,  m  foe  both  modelling  and  operating  regimes  the 
spread  is  relatively  small:  6e=  1  -2% .  However,  the  increase 
of  foe  length  of  foe  electron  drift  fiem  foe  cathode  to  the  cavity 
can  lead  to  foe  increase  of  foe  spread  up  to  foe  saturation  value 
(8e=6-8%  for  the  operating  regime).  Such  spread  can 
mduce  foe  decrease  in  gyrotron  efficiency  about  of  5%  [6]  The 
^e  result  can  be  provided  by  foe  increase  of  the  operating 
fr^OTcy,  because  even  at  foe  same  length  between  foe 
cafoode  and  foe  cavity,  foe  effective  length  (measured  in  foe 
reverse  NMI  increment,  r^lT)  increases  due  to  foe  decrease  of 
foe  Larmor  radius  (Fig.3). 

Thru,  in  powaftil  short-wavelengfo  gyrotrons  with  long 
regu^  of  foe  electron  beam  formation,  negative-mass 
^tabihty  can  provide  spread  in  electron  energy  which 
decrease  foe  electron  efficiency  significantly 
5e  _ ‘ 


O  50  z.  cm 

_  Fig.3.  Calculated  energy  spread 
Md  magnetic  field  ^proximation  versus  the  coordinate: 
^=IA,  m^elling  regime  (I);  /=30A,  operating  regime  (11); 
/-30A,  operating  regime  for  the  gyrotron 
rn  ir  T  frequency  is  enhanced  to  166  GHz  (III). 
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Abstract 

The  rqwit  presents  the  results  of  the  numerical  simulation 
and  eiqietimental  shufy  of  the  helical  electron  beam  (HEB) 
formed  in  magnetron-injection  gun  of  mm  waves  powerful 
gyrotron.  The  dqiendence  of  HEB  parameters  on  the  beam 
current  is  analyz^.  The  evolution  of  the  transverse  veloci^ 
distribution  functions  is  traced  at  the  variation  of  the  beam 
current 

Introduction 

For  the  creating  of  powerful  high  efiSciency  gyrotrons  one  of 
the  main  problem  is  the  formation  of  high  quality  helical 
electron  beams  with  required  parameters.  For  example 
achievement  of  IMW  output  power  of  70-170  GHz  gyrotron 
with  an  operating  voltage  U  =80  kV  and  the  efficiency  «  35 
%  or  more  is  required  to  a  beam  with  a  current  I  »40  A  and  a 
pitch-&ctor  g  «1.25  or  higher  (g=  Vj^  ,  Vj^ ,  v^  - 
oscillatory  and  longitudinal  velocity  in  operating  space).  Thus 
a  magnetron-injection  gun  (MIG)  should  provide  formation  of 
a  beam  with  such  parameters. 

According  to  results  of  numerical  simulation  and 
cjqierimental  data  all  possible  beam  types,  forming  by 
magnetron-injection  guns  (MIGs)  have  different  properties 
11,2].  The  most  promising  type  for  the  short  millimeter 
wavelength  gyrotrons  is  the  boundary  type  (intermediate 
between  beams  with  laminar  electron  trajectories  and  regular 
intersecting  ones).  The  advantage  of  the  specified  beam  type 
is  very  attractive  when  the  operating  frequency  grows. 

Below  method  and  results  of  investigations  of  the  possible 
versions  of  guns  for  powerful  gyrotrons  are  presented, 
comparison  of  calculated  and  measured  parameters  of  some 
^pes  of  the  beam  are  discussed. 

Improved  method  of  trajectory  analysis 

To  make  the  detail  analysis  of  the  physical  processes  taking 
place  in  the  beams  with  various  topology  and  to  find  optimize 
shape  of  electrodes  in  MIG,  it  is  necessary  to  use  the 
improved  method  of  trajectory  analysis,  in  which  the 
trajectory  integration  up  to  the  operating  space  and  finding 
the  electron  distribution  function  over  oscillatory  velocities 
/(Vj  in  various  planes  is  possible.  In  this  case  the  beam 
parameters  variation  may  be  traced  not  only  vs.  beam  current, 
voltage  or  magnetic  field,  but  in  the  different  positions  along 
the  beam,  also.  The  numerical  simulations  were  carried  out 
basing  on  the  model  without  reflected  electrons.  Therefore  if 


some  electron  is  reflected,  the  integration  of  corresponding 
trajectory  is  stopped.  According  to  experimental  data  [1]  there 
is  significant  influence  on  the  beam  properties  of  electrons, 
reflected  fiom  the  magnetic  mirror  and  then  locked  in  the 
adiabatic  trap.  It  may  cause  essential  differences  in 
parameters  calculated  static  code  and  measured  one.  So,  a 
technique  taking  into  account  influence  of  trapped  electrons 
within  the  fiamework  of  non-stationary  model  was  developed 
also.  The  definition  of  parameters  of  the  beam  in  this  method 
(against  [3])  based  on  a  finding  of  distribution  function 
/ (Vj^ )  firom  the  trajectory  analysis. 

Experimental  set-up 

The  experimental  study  of  MIGs  of  powerful  gyrotrons  which 
form  intense  HEBs  of  various  topologies  was  performed  in  the 
automated  set-up  using  the  retarding  field  method  [4]  in  the 
scale  down  regime  which  conserve  trajectory  of  the  electrons. 
The  refined  automation  ejqierimental  set-up  permits  to  define 

the  HEBs  characteristics  (t j_ ,  ^  Vj^ ,  /(v  ) ,  etc.).  Here  t  - 
ratio  of  the  oscillatory  energy  to  the  total  one  and  ^  Vj^  - 
velocity  spread.  The  application  of  this  system  allows  to 
increase  the  accuracy  and  the  quality  of  measurements,  to 
obtain  and  process  a  large  volume  of  the  experimental  data 
for  a  short  period  of  time.  The  measurements  of  electron 
beam  properties  can  be  performed  as  well  at  presence  of 
electrons,  catched  in  adiabatic  trap  between  the  cathode  and 
magnetic  mirror,  as  at  exception  such  electrons.  So  the 
experimental  set-up  allows  to  investigate  the  perturbation  of 
the  HEBs  properties  due  to  the  presence  of  the  catched 
electrons  (OT). 

Results  of  numerical  simulation  and  experiments 

The  results  of  a  new  numerical  simulation  procedure  and 
experimental  data  for  the  basic  types  of  beams  with  various 
topologies  arc  presented.  For  each  beam  type  the  dependences 
and  ^  Vj^  on  the  beam  current  were  received,  including 
results  in  the  model  with  zero  initial  velocities.  It  was  found, 
that  there  are  the  small  differences  between  the  date  obtained 
from  numerical  simulation  on  full  formation  length  and  the 
ones  find  out  fiom  calculation  in  the  cathode  region  only.  The 
received  distinctions  are  caused  by  different  value  of  the  beam 
potential,  used  at  the  finding  and  S  Vj^.  According  to 
results  of  the  trajectory  analysis,  the  value  of  the  potential 
depression  in  the  beam  is  rather  close  to  the  theoretical 
estimations  [5].  Evolution  of  for  each  beam  type 
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along  the  formation  region  and  when  the  current  grows  was 
traced. 

Numerical  simulation  was  performed  for  powerful  gyrotrons 
in  the  wide  frequency  range  (70-170  GHz).  The  allowable 
value  of  the  cathode  radius  for  a  chosen  operating  mode  is 
defined  by  the  value  of  an  acceptable  electrical  field  on  the 
cathode  Ec,  which,  as  a  rule,  is  necessary  not  above  than  6 
kV/mm.  Width  of  the  emitter  is  selected  with  the  account  of 
extreme  allowable  density  of  an  emission  current  (usually  it  is 
not  recommended  to  exceed  3  A/cm*).  At  selection  of  an 
optimum  configuration  of  electrodes  the  value  of  velocity 
spread  S  was  not  allowed  above  than  30%.  The  specified 
restrictions  were  accepted  in  attentiori  at  account  of  particular 
guns  for  gyrotrons  with  difierent  operating  modes.  Then  fiom 
numerical  simulation  dependencies  and  t^(I)  for 

each  gun  were  received.  (Calculations  were  performed  as 
using  model  with  zero  initial  velocities  (EPOSR  [6])  as  taking 
into  account  initial  velocities  (EPOS-V  [2]).  Evolution  of 
transverse  velocity  distribution  fimetion  /(Vj^)  is  traced 
with  a  beam  current  growth.  The  sensitivity  of  the  beam 
parameters  to  influence  of  thermal  deformations  of  a  gun  and 
possible  technological  errors  is  investigated.  The 
transformation  of  /"(y  j/)  can  serve  one  of  attributes  of  loss 
of  beam  stability  [2].  In  considered  guns  infiingement 
unimodality  of  oscillatory  velocity  distribution  function  was 
not  registered  at  currents  of  a  b^aa,  even  exceeding  design 
value  of  the  current  (/=40A).  The  specified  circumstance 
allows  to  hope,  that  offered  MIG  will  provide  formation  of  a 
stable  beam  with  acceptable  parameters. 

In  particular,  for  a  170GHz  gyrotron  some  versions  of  the  gun 
for  different  operating  modes  were  designed.  For  the  TEsi  g 
mode  of  in  the  considering  limitations  on  an  electrical  field 
Eg  ,  optimum  radius  of  the  cathode  is  =5 1mm.  Thus 

electrical  field  on  the  cathode  is  E^  «5.8  kV/mm.  For 
gyrotron  with  an  operating  mode  TE28.7  two  versions  of  guns 
with  different  radiuses  of  cathode  were  designed.  In  the  first 
version  a  gun  with  R^  =45.2tnm  was  used.  The  necessary  g 
value  need  an  increased  electrical  field  on  the  cathode 
Ej  e6.3  kV/nun.  In  the  second  variant  the  reduction  E^  to 
5.5-5.7  kV/mm  was  reached  by  using  of  the  cathode  with 
increased  average  emitter  radius  (R^  =47.5mm).  Finally  for 
the  operating  TE25.10  mode  R*  =41.5  mm  was  chosen.  For  all 
gun  variants  dependencies  S and  ^(i)  and  evolution 
/(Vx)  were  investigated  at  presence  of  the  disturbing 
factors  also. 

The  measurements  were  carried  out  for  guns  with  R* 
=45.2mm  and  Rc=41.5ttun  in  a  scale  down  regime  as  at 
presence  of  electrons,  catched  in  adiabatic  trap  between  the 
cathode  and  magnetic  mirror,  and  at  exception  such  electrons. 
Fig.l  show  measured  dependencies  at  exception  CE 

for  the  gun  with  R,  =45.2mm. 


The  received  dependencies  ^Vj^and  are  compared  with 
results  of  numerical  simulation  and  good  correlation  is 
observed. 


Fig.  1.  Measured  dependencies  f(Vj^ ) . 


Preliminary  results  of  non-stationary  simulation 

In  order  to  decrease  the  calculation  time,  the  numerical 
simulation  of  non-stationary  processes  in  HEB  formation 
systems  with  taking  into  account  the  (S  was  performed  for 
the  25  GHz  gyrotron  operating  on  the  second  ctyclotron 
harmonic.  The  MIG  with  laminar  flow  was  investigated.  The 
behavior  of  the  distribution  function  /  (v  )  as  well  as 
and  S  Vj^  parameters  as  current  time  functions  are  presented. 
The  value  of  emitter  electric  field  depression  caused  by  CE 
and  the  distribution  of  the  CE  space  charge  were  studied.  The 
energy  of  electrons  bombarded  the  cathode  and  the  zone  of 
bombardment  are  found.  The  comparison  of  dependencies 
and  4(/)  calculating  fiom  stationary  and  non- 
stationary  models  are  presented. 

Conclusion 

Methods  of  numerical  simulation  and  experimental  research  of 
IffiB  were  developed.  HEBs  properties  including  the  electron 
distribution  functions  over  transverse  velocities  were  studied 
numerically  and  experimentally  in  various  regimes.  In  result 
of  numerical  simulation  and  series  of  experiments  an  electron 
gun,  ensuring  formation  of  an  electron  beam  with  parameters, 
necessary  for  170  GHz/lMW  gyrotron,  is  created. 
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A  New  Algorithm  for  Tracing  Back-scattered  Electrons 

Amaijit  Singh,  Sanjaya  Rajapatirana  and  Victor  L.  Granatstein 
Institute  for  Plasma  Research,  University  of  Maryland,  College  Park,  MD  20770 


Abstract 

An  algorithm  Im  been  designed  to  give  a  good  representation  of 
cr^erimental/simulation  data  in  the  modeling  of  back-scattered 
electrons  in  vacuum  devices,  vrfiile  limiting  the  number  of 
tr^ectories  to  be  traced.  Monte-Carlo  techniques  are  applied  for 
allocating  the  type  of  process,  the  energy  and  the  emergent  angt^ 
of  each  ray.  Insertion  of  ad-hoc  parameters  is  avoided. 

Introduction 

Primary  electrons  striking  the  surface  of  an  electrode,  generate 
backscattered  electrons.  They  foil- into  the  categories  of  a)  true 
secondaries,  b)  inelastically  scattered  primaries  and  c)  elastically 
scatter^  primaries.  The  coefficient  of  total  backscatter  and  the 
coefficients  for  individual  processes  depend  upon  the  energy  and 
incident  angle  of  the  primaries,  as  well  as  the  nature  of  the 
electrode  material  and  its  surfoce.  In  starting  foe  trajectoriessif 
back-scattered  electrons,  foe  statistics  of  energy  and  foe  angular 
spread  have  to  be  taken  into  accoimt 

In  modelling  backscatter,  a  number  of  backscattered  rays  per 
primary  ray  would  normally  be  needed  in  order  to  simulate  foe 
variety  of  energy  and  angles  of  emergence.  With  multiple 
generations  of  backscatter,  foe  number  of  rays  to  be  traced  can 
r^idly  incr^  to  unmanageable  proportions.  How  to  retain  foe 
representative  nature  of  foe  model  while  keeping  foe  number  of 
backscattered  rays  within  reasonable  limits  is  a  significant 
problem 

While  some  devices  such  as  photo-multipliers  and  CFA's  turn  foe 
phencxnenon  of  backscatter  mto  use,  in  other  cases  such  as  design 
of  depressed  collectors,  foe  effects  of  backscatter  need  to  be 
minimized.  The  returning  electrons  would  absorb  back  some 
energy  fi-om  foe  electrostatic  field  and  thus  reduce  foe  collector 
efficiency.  It  is  necessary  to  trace  foe  trajectories  of  backscattered 
electrons  in  order  to  evaluate  foe  decrease  in  collector  efficiency 
or  of  rf  efficiency  caused  by  any  electrons  returning  to  foe 
interaction  region. 

In  devices  sis*  as  CFA’s  foe  coefficient  of  back-scatter  needs  to 
be  very  precisely  defined,  as  any  error  can  multiply  in  multiple 
generations  of  back-scatter.  On  foe  other  hand  in  foe  case  of 
depressed  collector  design  foe  angles  of  emergence  of  foe  back- 
scattered  rays  acquire  greater  importance.  The  number  of 
generations  arc  fewer  but  where  foe  back-scattered  rays  end  up  is 
of  significance.  Consequently  the  qjproximaUons  to  be  used  may 
well  be  different  for  foe  two  kinds  of  applications.  In  this  paper’ 


consideration  has  been  given  to  improved  representation  of  foe 
angle  of  me^ence  and  foe  energy  ofthe  back-scattered  electrons, 
keeping  in  view  foe  needs  of  depressed  collector  design 

It  is  o^on  practice  in  the  design  of  computer  codes  for  tracing 
foe  trajectories  of  back-scattered  electrons  to  specify  in  advance 
the  number  and  foe  parameters  of  foe  backscattered  rays  to  be 
gener^byeadiprimaiyray.  (e.g..  Ref  1,2).  Such  a  restriction 
is  avoided  in  foe  new  algorithm. 

An  outline  of  foe  new  algorithm  and  its  features  is  presented. 

The  algorithm 

*  Evaluate  for  each  primary  ray,  foe  angle  of  incidence.  Taking 
that  and  its  energy  into  account  evaluate  the  total  coefficient  of 
backscatter.  We  have  used  foe  formulas  developed  by  JJLM. 
Vaughan,  Ref.  [3,4],  vdiich  take  into  account  foe  above 
parameters  as  well  as  foe  nature  of  foe  electrode  and  its  surface. 

•  Evaluate  foe  total  backscatter  current  for  each  ray.  Reorder 
foem  in  merging  values  and  truncate  foe  ones  with  foe  smallest 
current  totalling  iqjto  a  specifiable  small  percentage  'P'  of  foe  total 
primary  current 

Divide  each  backscattered  ray  into  sub-rays  whose  number  is 
proportional  to  foe  current  in  that  ray.  This  mimics  foe  natural 
process  but  increases  foe  number  of  sub-rays  at  this  stage  in  a 
ratio  m .  The  value  of 'm'  can  be  chosen  larger  or  smaller 
depending  upon  foe  degree  of  accuracy  required  in  foe  statistical 
modelling  of  foe  process.  It  may  be  mentioned  here  that  foe 
number  of  rays  is  brought  down  again  in  a  subsequent  step  when 
foe  sub-rays  are  coalesced  to  form  composite  rays.  The  sub-rays 
all  have  equal  cunenL  This  introduces  a  quantization  error.  This 
and  foe  effect  of  truncation  in  foe  previous  step  are  taken  into 
account  in  foe  next  step,  vduch  is  renormalizatioiL 

•  Renormalize  the  total  current  in  foe  sub-rays  to  equal  original 
total  of  back-scattered  current 

♦  Using  Monte  Carlo  techniques  allocate  to  each  sub-ray  a 
I«X)cess  of  back-s^er  using  probabiUtyra^^  derived  from  C5q)e 
rimental/simulation  data.  Using  the  same  technique  associate 
with  each  sub-ray  an  energy  value  and  an  emergent  angle. 

*  Put  sub-rays  into  bins  which  have  indices  according  to  energy 
and  an^e  for  lotions  on  the  collector  surface  divided  into  strips 
of  specified  width.  This  width  decides  the  resolution,  which  can 
be  kept  coarse  in  the  initial  stages  of  a  design  and  increased  in 
later  stages. 

Sum  the  current  in  bins  and  truncate  the  ones  with  the 
smallest  current  totalling  upto  a  specified  small  percentage  of  the 
total  primary  current  Renormalize  the  current. 

*  Formulate  the  backscattered  rays  according  to  the  remaining 
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bins,  their  associated  locations  and  the  accumulated  current  in 
each.  This  process  of  going  back  from  sub-rays  to  composite 
rays,  together  with  the  truncation  in  the  previous  steps  would 
kttp  down  the  number  of  rays  to  be  followed  in  trajectory  tracing 
We  have  observed  diat  fliis  process  can  more  than  compensate  for 
Ac  mcrease  v^ch  took  pl^  going  from  rays  to  sub-rays. 

•  Simulate  the  trajectories  of  the  ensemble  of  primary  and 
secondary  rays,  using  a  tracing  code  (eg.  EGUN  [Ref  5]). 
Iterate  for  a  specified  number  of  generadems  or  till  all  the  new 


rajrs  have  fallen  below  a  threshold  value  of  a  cumulative  total. 
Tracing  the  entire  ensemble  each  time  would  avoid  error  in 
solution  that  could  otherwise  be  caused,  as  the  space  charge  of 
the  secemdaries  influences  that  of  the  primaries  and  vice-versa. 


The  Flow  Chart 

A  flow  diart  of  the  algorithm  is  shown  in  Fig.  1 .  Diagnostics  are 
added  so  that  the  user  has  the  option  of  watching  the  progress  of 
the  simulation.  At  each  step  graphs  are  generated  so  that  the 
range  of  values  of  current  for  individual  rays,  their  incident 
angles,  and  coeflBcicnts  of  back-scatter  can  be  monitored.  This 
would  be  of  particular  value  in  the  initial  stages  of  a  new  project 
Examples  of  graphs  obtained  at  various  steps  will  be  presented. 
The  code  is  being  developed  widi  a  Graphic  User  Interface. 
Buttons  are  provided  for  choosing  various  steps  of  the  process  one 
by  one,  or  doing  them  in  sequence  automatically. 

Conclusions 

An  algorithm  has  been  presented  which  follows  a  natural  course 
of  mimicing  the  process  of  backscatter.  At  each  stage  the  most 
significant  rays  and  processes  are  retained  The  coarse  or  fine¬ 
grained  nature  of  flic  simulation  can  be  adjusted  as  required  In 
the  initial  stages  estimates  that  are  quickfy  obtained  for  comparing 
various  alteinatives  may  be  adequate.  A  flexibility  to  zoom-in  for 
more  and  more  precise  simulatioa  is  a  built-in  feature  of  the 
algorithm. 


EGUN 

R«y  output  file 

_ ^  I 

Evaluate  ao^  of  Incideiioe  and  tool 
tadk-mercoelticicm .  and  multiply 
coirem  withcoefficiem  foreachra^ 


Include 

landomtaDd 

•IpMtfans) 


Figure  1 .  Flow  chart  for  the  algorithm  for  tracing  trajectories  of 
backscattcrcd  electrons. 


References 

1.  D  J.  Ferrefli,  "Development  of  a  dynamic  secondary  emission 
model  for  use  in  MDC  simulations".  Technical  Report  AFTER- 
19,  University  ofUtah,  (1986). 

2.  J.  Pedllo, "  EGNSEC2,  Report  and  Users  Guide  for  Secondary 
Modifications  to  EGUN",  SAIC,  (1988). 

3.  J.R.M.  Vaughan,  "  A  new  formula  for  secondary  emiMinn 
yield",  IEEE  Trans.  ED-  36,  pp  1963-1967,  (1989); 

4.  JJIM.  Vaughan,  "Secondary  emission  formulas",  IEEE  Trans. 
ED-40,  p.  830,  (1993) 

5.  WJB.  Herrmannsfeldt  and  G.A.  Herrmannsfeldt,  User  Manual 
for  EGUN,  (1993),  and  addendum  (1996) 


W1.5 


192 


Experimental  and  Simulation  Study  of  the  Thermal  Characteristics  of  a 
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Abstract 

A  tbennal  study  of  a  MIG-^pe  election  gun  has  been  made  to 
determine  the  temperature  distribution  in  all  the  gun  elements 
as  a  function  of  the  input  heater  power,  ^propriate  materials 
were  selected  to  minimize  both  the  conduction  and  radiation 
thermal  losses.  The  gun  produces  a  5  A50  kV  laminar 
electron  beam  with  the  cathode  emission  ring  operating  at  an 
average  temperature  of  1000'’C  with  346  W  input  power  in 
the  heating  lament  system.  The  purpose  of  the  present  study 
is  to  reduce  the  input  heater  power  while  keeping  the  required 
operating  cathode  temperature  and  to  improve  the  gun  design 
from  a  constructional  point  of  view  aiming  at  extending  the 
capabiliies  of  the  electron  gun.  A  thermal  software  has  been 
us^  by  considering  the  operation  conditions  taking  into 
account  external  convection  by  forced  air  on  the  ceramic 
shells  and  thermal  radiation  transfer  between  the  electrodes  of 
the  gun. 


Introduction 

The  INPE  gyrotron  gun  (Fig.  1)  is  of  the  magnetron  injection 
^T)e  with  a  triode  configuration.  Vacuum  tight  rippled 
ceramic  shells  are  used  to  insulate  electrodes  from  the  UHV 
flanges.  Since  the  cathode  should  operate  at  a  temperature 
close  to  1000°C,  the  choice  of  materials  for  its  construction  is 
limited  As  for  the  requirements  of  mechanical  strength  and 
low  vapour  pressure  at  high  temperature,  a  material  of  low 
emissivity  and  poor  thermal  conductivity  is  needed  to  reduce 
heater  power  losses.  The  most  suitable  materials  with  such 
properties  are  the  refractory  metals.  The  pure  molybdenum  on 
nickel  was  selected  for  the  emitting  band.  Titanium  was 
selected  for  the  first  anode  and  flanges  as  its  thermal 
expansion  coefficient  is  nearly  equal  to  that  for  ceramic  over 
the  range  of  tenq}eratures  to  which  the  seal  is  erqxised  during 
sealing  and  operation.  The  heater  (Fig.  2)  is  a  toroidal  coil 
made  of  a  O.S*mm-diameter  tungsten  wire. 


Thermal  Modeling  Results 

The  gun  system  is  azimuthally  synunetric  with  all  the 
elements  being  sufficiently  thin  so  that  one-dimensional  heat 
conduction  is  assumed.  Temperature  is  calculated  at  each 


point  of  an  irregular  finite  element  mesh  having  316  grid 
points  (Fig.  3).  In  our  simulation,  heat  exchange  by  forced 
convection  with  air  from  the  external  suifoce  at  a  prescribed 
surrounding  tenq)erature  and  the  stipulation  of  the  filament 
temperature  have  been  used  as  boundary  conditions  for  the 
heat-transfer  problem^' I 


Figure  1:  Longitudinal  view  of  the  electron  gun: 
1-C^thode,  2-First  anode,  3-Second  anode, 
4-(i:eramic  shell,  5-Bottom  flange, 
6-Intermediate  flange,  7-Upper  flange, 
8-Filament  lead. 


Figure  2:  Heater  assembly  details; 
1-Emitting  Band,  2-Toroidally-wound  filament, 
3-Reflecting  surfaces. 
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Figure  3:  Finite  element  mesh  for  simulation  of 
MIG-lype  gun. 


Results  of  the  simulation  so  far  performed  are  given  in  Table 
1.  Columns  A  and  B  refer,  respectively,  to  measured  and 
predicted  data  corresponding  to  the  gun  using  the 
molybdenum  substrate,  while  column  D  lists  the  pr^licted 
temperature  of  the  gim  elements  taking  into  account  a  nickel 
emitting  strip. 


If  any  contact  area  between  molybdenum  strip  and  the 
cathode  body  is  eliminated  (polunm  C),  then  tlie  input  heater 
power  is  lowered  from  350  to  199W  while  keeping  the  emitter 
temperature  at  around  1000°C.  Also,  by  comparing  columns 
B  and  C,  we  observe  that  the  temperature  of  the  inside  surface 
of  the  first  anode  is  reduced  by  a  20%  &ctor.  If  we  consider 
instead  a  nickel  emitting  band  separated  from  the  cathode  by 
a  small  gap,  we  see  in  column  E  that  the  temperature  values 
of  the  external  flanges  and  the  first  anode  are  farther  reduced 
\jy  a  35%  &ctor,  leading  to  a  75%  decreasing  in  the  input 
power. 

In  conclusion,  the  thermal  and  mechanical  properties  of  a 
MIG-type  gun  have  been  examined  numerically  and  also 
erqrerimentally.  The  numerical  code  used  was  able  in 
handling  a  problem  with  complex  geometry  as  numerical 
predictions  are  in  good  agreement  with  experimentally 
measured  data.  Importam  design  features  of  our  gun  have 
been  clarified  and  forthcoming  studies  will  consider  unsteady 
problems  by  using  a  higher-density  finite  element  mesh. 


Table  1;  Measured  temperature  CQ  of  the  gun  elements  and 
numerically  predicted  temperature  in  various  circumstances 


A 

B 

C 

D 

E 

Filament 

1811 

1750 

1590 

1750 

1590 

Emission  Band 

1032 

1012 

1000 

996 

1003 

First  Anode 

460 

564 

485 

497 

422 

Bottom  Flanges 

69 

70 

55 

64 

51 

Inter.Flanges 

72 

71 

58 

64 

52 

Upper  Flanges 

42 

51 

42 

46 

39 

Surrounding  Air 

24 

24 

24 

24 

24 

Input  Power  (W) 

374 

350 

199 

350 

199 
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[1]  H.  Patire  Jr.  “Convective  and  Conduction  Heat  Transfer 
Stucfy  of  a  MIG-Type  Electron  Gun”,  (in  Portuguese), 
MSc,  Thesis,  Aeronautical  Technological  Institute,  S.J. 
Campos,  SP,  Brazil,  ^ril  1997. 


A  -  Experimental  data 
B  -  Simulation  using  a  molybdenum  strip 
C  -  Simulation  using  a  molybdenum  strip  conductively 
uncoupled  from  the  cathode  body 
D  -  Simulation  using  a  nickel  strip 
E  -  Simulation  using  a  nickel  strip  conductively  uncoupled 
from  the  cathode  body 


As  the  thermal  conductivity  and  emissivity  coefficients  for 
nickel  are  both  lower  than  for  molybdenum,  the  energy  lost 
from  the  emitter  to  the  neighbouring  electrodes  is  reduced 
accordingly.  Thus,  as  shown  in  Tab.  1,  the  replacement  of 
molybdenum  by  nickel  yields  a  decrease  of  10%  in  the  steady- 
state  terr^reratures  of  the  external  flanges,  in  addition  to 
reducing  the  temperature  of  the  first  anode  by  a  14%  factor. 
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Abstract 

We  &bricated  and  tested  an  84GHz  gyrotron  with  a 
single-stage  d^ressed  collector.  Tbe  gyrotron  has  a  high- 
voltage  insulating  section  made  of  a  low  loss  silicon  nitride 
composite.  In  this  preliminary  experiment  in  the  dq)iEssed 
collector  configuration,  we  obtained  591kW,  41%  operation 
with  a  depre^ion  voltage  of  22.5kV.  Access  to  the  higher 
efGciency  region  was  inhibited  by  an  increase  in  anode  current 


Introduction 

High  power,  long  pulse  gyrotrons  have  succeeded  in 
stable  operation  with  a  single-stage  depressed  collector[l,2]. 

Ihe  energy  recovery  of  the  spent  electron  beam  by  the 
dqriessed  collector  leads  not  only  to  an  improvement  in  total 
output  effidency,  but  a  reduction  of  the  power  loading  and  X- 
ray  generation  at  the  collector.  When  considering  of  pure  CW 
high  power  gyrotrons,  these  merits  are  very  attractive. 

We  have  been  developing  an  84GHz  CW  gyrotron  in 
collaboration  with  CPI  for  use  as  the  power  source  in  the  Th®  most  remarkable  difference  is  the  addition  of  a 

EC^  system  on  LHD  (Large  Helical  Device).  Based  on  the  voltage  insulating  section  between  the  body  and  the 

previous  success  of  the  84GHz  CW  gyrotron[3],  we  newly  collector  to  be  able  to  apply  the  retarding  potential  for  the 
fabricated  a  gyrotron  which  has  the  same  RF  circuits,  electron  energy  recover  of  spent  electrons. 

gun,  and  mode  converter,  but  equipped  with  a  depressed  "Hie  insulating  section  is  made  of  a  silicon  nitride 

collector  and  l^ger  Vadon  pumps.  composite  which  has  a  low  loss-tangent  in  the  millimeter 

In  this  report,  we  describe  the  first  experimental  wave  range[4].  Heat  generation  in  this  material  can  be  reduced 
results  of  the  84GHz  gyrotron  in  the  depressed  collector  ^^n  one-third,  compared  with  the  usual  alumina 

configuration.  materid.  During  CW  operation,  RF  leakage  from  the 

insulating  section  is  significant  even  though  it  is  only  a  few 
84GHz  gyrotron  with  a  single-stage  percent  of  the  output  power.  So  the  insulating  section  includes 

depressed  collector  ^  cooling  jacket  which  will  allow  lossy  oil  flow  to  cool  the 

ceramic  and  absorb  leaking  RF. 

The  84GHz  gyrotron  has  the  same  RF  circuits,  _  ,. 

electron  gun,  built-in  mode  converter,  and  output  window  as  Freliminary  depressed  collector  experiments 
the  gyrotron  which  achieved  500kW-2sec.,  400kW-10.5sec., 

200kW-30sec.,  and  lOOkW  CW  operation.  The  oscillation  Preliminary  experiments  were  performed  at  the  test 

mode  in  the  cavity  is  TEis^s^  and  the  built-in  mode  converter  CPI-  During  the  first  stage  of  gyrotron  aging  (normal 

system  consists  of  a  modified  Vlasov  launcher  with  visor  and  op^j’urion  without  the  retarding  potential)  the  gyrotron 
beam  shaping  mirrors.  The  output  window  is  a  sapphire  u^^ved  a  maximum  output  power  of  639kW  and  efficiency  of 
double-  disk  window  cooled  by  FC-75.  A  photograph  of  the  ^2%  at  beam  voltage  of  80kV  and  beam  current  of  25 A  for 
gyrotron  is  shown  in  Fig.  1.  short  pulses.  During  the  normal  operation,  the  insulating 

This  gyrotron  has  been  improved  for  high  power  CW  ^^‘^rion  was  cooled  by  pure  water  so  that  power  from  RF 
operation:  almost  all  parts  of  the  body  and  collector  sections  leakage  could  be  measured  calorimetrically.  It  was  about  0.7- 
^  water-cooled,  and  two  large  75  liter/second  Vacion  pumps  power. 

improve  the  evacuating  speed  in  Since  the  gyrotron  test  set  at  CPI  is  not  designed  for 

depressed  collector  operation,  a  portable  tetrode  system  was 
connected  between  the  collector  and  grounded  body  to  provide 
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the  dqjreffied  collector  potential[S].  The  test  circuit  is 
illustrated  in  Fig.  2.  By  adjusting  the  screen  grid  voltage  of 
the  tetrode,  we  were  able  to  set  the  collector  potential  relative 
to  the  grounded  gyrotron  body.  This  system  was  only  capable 
of  operating  at  0.5ms  pulsewidth. 


Gyrotron 

Figure  2  Circuit  for  depressed  collector  experiments 

Figure  3  shows  the  dqjendenoe  of  the  total  oscillation 
efficiency  on  the  depressed  voltage  for  several  beam  current 
operations.  At  each  point,  the  main  accelerating  voltage 
(potential  difference  between  cathode  and  body  )  was  set  at 
80k V,  and  the  magnetic  field  and  the  ancxie  voltage  were 
optimized.  For  all  beam  current  values,  efficiency  gradually 
increased  as  depression  voltage  was  inoeased,  until  anode 
oimnt  was  observed  Increasing  the  depression  voltage  beyond 
this  point  resulted  in  a  drop  in  efficiency.  Increased  efficiency 
was  due  to  energy  recovery;  the  output  power  actually 
remained  constant  or  decreased  slightly  as  voltage  depression 
was  increased.  The  highest  efficiency  achieved  was  41.5%  at 
25kV  of  depression  and  20A  of  beam  current.  At  this  point, 
output  power  was  475kW. 


Depressed  Voltage  [kV] 

Figure  3  Total  output  efficiency  is  plotted  as  a  function 
of  depressed  voltage  for  several  beam  currents 

Figure  4  shows  the  oscillation  mode  map  for  the 
be^  oirrent  of  25A.  Oscillation  regions  of  the  main  mode 
C^15,3)  ^  plotted  for  values  of  anode  voltage  and  cavity  coil 
current.^  In  the  figure  each  bounded  area  corres]x)nds  to  the 
oscillation  region  with  the  application  of  the  depressed  voltage 
indicated.  The  maximum  output  power  values  obtained  for 
each  depressed  voltage  are  also  indicated  in  each  region.  This 
map  illustrates  the  degradation  of  the  oscillation  efficiency  at 


higher  depressed  voltages.  When  the  dgiiessed  voltage 
increases,  the  anode  voltage  corresponding  to  the  anode  current 
onset  deweases,  and  the  region  shrinks  to  the  lower  anode 
voltage  and  higher  magnetic  field  side.  As  a  result,  the 
gyrotron  could  not  be  operated  in  the  higher  efficiency  region 


Upper  Main  Coil  Current  [A] 

Figure  4  Oscillation  mode  map  for  depressed  voltage  of 
0, 20,22.5,25kV 

This  tube  is  now  being  aged  at  the  NIFS  test  set  to 
obtain  several  hundred  kilowatts  CW  without  depression. 
Long  pulse  testing  in  the  dqiressed  collector  configuration 
will  be  conducted  in  near  future. 

Summary 

We  fabrirated  and  made  preliminary  tests  of  an  84GHz 
gyrotron  with  a  single-stage  depressed  collector.  The  gyrotron 
has  a  hi^-voltage  insulating  section  made  of  a  low  loss 
silicon  nitride  composite.  Leakage  RF  fi’om  the  insulating 
section  w^  measured  to  be  0.7-1%  of  the  output  power.  In 
this  preliminary  experiment  in  the  depressed  collector 
configuration,  we  obtained  591kW,  41%  operation  with  a 
depression  voltage  of  22.5kV  at  a  beam  current  of  25A,  in 
contrast  with  32%  without  retarding  voltage.  Access  to  the 
higher  efficiency  region  was  inhibited  by  the  anode  current 
increase. 
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Introduction 

For  a  number  of  current  and  anticipated  fusion  experiments, 
such  as  ITER,  high-efficiency  gyrotrons  will  be  required  for 
electron  cyclotron  heating  and  current  drive[l].  Gyrotron  elec¬ 
tronic  efficiency  is  typically  in  the  range  of  30-35%,  which 
means  that  the  total  electrical  power  required  for  the  electron 
beam  is  on  the  order  of  3  MW  for  1  MW  of  RF  power.  After 
extraction  of  microwave  power  from  the  beam,  the  remaining 
power,  approximately  2  MW,  is  deposited  in  the  collector  as 
thermal  energy  that  must  be  removed  and  dissipated  using 
large  heat  exchangers. 

In  this  paper,  we  describe  a  two-stage  depressed  collector 
capable  of  recovering  approximately  70%  of  the  incident 
power  in  the  spent  beam.  The  collector  was  designed  for  a  1 10 
GHz  gyrotron;  however,  only  minor  modifications  are  required 
for  operation  at  170  GHz. 

The  collector  design  increases  the  efficiency  of  the  gyrotron  to 
more  than  60%.  This  increased  efficiency  results  in  a  45% 
reduction  in  the  electrical  capacity  requirement  and  power 
from  the  grid.  As  a  result,  the  cost  of  capital  equipment  and 
electrical  company  resources  is  substantially  reduced.  This 
cost  is  incurred  regardless  of  how  much  the  tube  is  operated, 
and  is  expected  to  increase  in  the  next  5-8  years. 

With  the  design  described  here,  the  heat  dissipation  is  reduced 
from  2  MW  to  800  kW.  This  reduction  in  thermal  load  reduces 
the  amount  of  thermal  power  that  must  be  removed  and  exter¬ 
nally  dissipated,  thus  reducing  the  cost  of  pumps,  plumbing, 
cooling  towers  and/or  heat  exchangers,  and  the  associated 
operating  costs.  It  also  reduces  thermal  stress  and  tube  pro¬ 
cessing,  resulting  in  lower  costs  and  a  more  robust  gyrotron. 

Beam  Optics  Design 

The  design  of  collector  electrodes  and  the  magnetic  circuit 
was  performed  using  a  library  of  codes  developed  at  the  Insti¬ 
tute  for  Plasma  Research[2].  The  code  ProfilEM  was 
employed  to  design  a  magnetic  field  configuration  providing  a 
blend  of  adiabatic  and  non^adiabatic  transitions  for  the  elec¬ 
trons  travelling  in  the  collector  region.  This  field,  in  conjunc¬ 
tion  with  the  electrostatic  field  created  by  the  collector  stages, 
sorts  the  electrons  according  to  their  energy  values. 

ProfilEM  also  provides  contours  of  effective  potential,  making 
it  possible  to  visualize  regions  of  the  collector  accessible  to 
electrons  of  specific  energy[3].  In  this  way  the  electric  and 
magnetic  fields  are  tailored  to  ensure  that  no  electrons  are 
turning  back  before  reaching  a  collector  stage. 


Figure  1  shows  a  composite  diagram  of  the  contours  of  effec¬ 
tive  potential,  the  magnetic  flux,  and  the  trajectories  against 
the  backdrop  of  collector  geometry.  The  beam  is  collected  at 
two  electrodes.  A  third  electrode  near  the  axis  helps  shape  the 
electric  field,  and  is  kept  at  the  same  potential  as  the  first  col¬ 
lector  electrode  to  simplify  the  power  supply  requirement 


magnetic  field  is  generated  by  three  external  coils  and  two 
internal  pole  pieces.  The  magnetic  flux  lines  have  a  sharp  bend 
away  from  the  axis  near  the  mid-point  of  the  collector,  thus 
providing  a  non-adiabatic  transition. 

The  beamlets  of  lower  energy  are  selectively  deflected  toward 
the  first  collector  electrode,  while  the  lower  contours  of  mag¬ 
netic  flux  lead  the  beamlets  of  higher  energy  toward  the  sec- 
ond  collector  electrode.  The  contours  of  effective  potential 
form  “valleys”  representing  regions  accessible  to  beamlets  of 
energy  ranging  from  30  keV  to  60  keV.  The  electron  trajecto¬ 
ries  are  sorted  by  these  contours  and  collected  without  reflec¬ 
tion. 

The  electron  distribution  on  the  electrode  surfaces  is  suffi¬ 
ciently  dispersed  so  that  the  peak  heat  dissipation  density  is 
less  than  400  W/cm^.  The  simulation  shown  in  Figure  1  repre¬ 
sents  collector  performance  for  a  gyrotron  producing  1  MW  of 
RF  output  power.  Simulations  were  also  performed  for  the 
case  where  no  RF  is  generated,  leaving  the  'spent*  beam  with 
its  full  initial  voltage  and  power.  In  this  case  the  peak  heat  dis- 
sipaUon  density  was  less  than  900  W/cm^.  Thus  hot  spots  on 
the  collector  surface  can  be  avoided  without  sweeping  the 
magnetic  field. 

Thermal  Design 

The  collector  was  thermally  analyzed  for  1  MW  CW  RF 
power  operation  and  for  full  power,  beam-only  operation.  For 
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this  analysis,  the  efficiency  of  the  collector  was  assumed  to  be 
65%,  so  the  results  are  more  conservative  than  anticipated  in 
actual  operation.  For  1  MW  RF  operation  with  a  coolant  flow 
rate  of 200  gallons  per  minute,  the  maximum  temperature 
reached  on  ffie  interior  (vacuum)  wall  of  the  collector  is  175®C. 
nie  peak  temperature  on  the  wet  wall  (coolant  side)  of  the  col¬ 
lector  is  103°C.  The  goal  of  the  thermal  design  was  to  ensure 
that  the  peak  vacuum  wall  temperature  was  below  300°C  and 
that  the  peak  wet  wall  temperature  was  below  150°C.  Both  of 
these  goals  were  achieved  with  the  design  shown. 

Full  power,  beam-only  operation  typically  represents  an  unac¬ 
ceptable  operating  mode  for  the  gyrotron;  however,  it  is  impor¬ 
tant  that  the  collector  be  designed  to  operate  under  these 
conditions  until  the  control  circuitry  can  remove  power  from 
the  tube.  Simulations  indicate  that  under  these  conditions  all 
beam  power  is  deposited  in  the  second  stage,  with  the  peak 
power  density  approaching  900°C  in  a  sm^  area.  Thermd 
analysis  indicates  that  the  peak  vacuum  wall  temperature  under 
these  conditions  slightly  exceeds  282°C,  and  the  wet  wall  tem¬ 
perature  slightly  exceeds  145°C.  These  are  within  allowable 
values;  however,  full-power  beam-only  operation  represents  an 
extremely  marginal  operation  regime,  and  power  should  be 
removed  from  the  tube  within  500  ms  of  the  onset  of 
beam-only  operation. 

Mechanical  Design 

Figure  2  shows  an  outline  drawing  of  the  collector.  Three 
external  magnetic  coils  and  two  internal  iron  polepieces  assist 
in  directing  the  electrons  to  the  appropriate  surface  for  maxi¬ 
mum  energy  recovery.  Large  ceramic  insulators  between  col¬ 
lector  stages  are  eliminated  by  supporting  the  second  electrode 
of  the  collector  with  the  coolant  fe^throughs  located  at  the  top 


(end)  of  the  structure.  In  addition,  the  second  electrode  is 
mostly  enclosed  within  the  first  electrode.  In  the  preferred  con¬ 
figuration,  the  first  stage  is  grounded  and  the  tube  body  is  ener¬ 
gized.  With  the  first  stage  enclosing  the  second  stage  and  the 
energized  body  section  located  within  the  superconducting 
magnet,  exposed  high  voltage  surfaces  are  minimized,  and  it  is 
not  necessary  to  electrically  isolate  the  collector  magnet  coils. 
The  collector  design  shown  is  applicable  to  gyrotrons  between 
110  GHz  and  170  GHz. 

The  applicability  of  a  single  depressed  collector  geometry  for 
gyrotrons  between  1 10  GHz  and  170  GHz  should  result  in 
substantial  cost  reduction  for  gyrotrons  in  this  frequency  range 
by  standardizing  parts,  assembly  procedures,  and  processing. 
The  design  should  be  applicable  to  gyrotrons  at  other  frequen¬ 
cies  utilizing  electron  beams  of  similar  size  and  power.  Cala- 
bazas  Creek  Research,  Inc.,  is  also  working  with  a  major 
.  power  supply  vendor  to  develop  advanced  solid  state  power 
supplies  capable  of  meeting  all  requirements  for  gyrotron 
operation.  This  should  significantly  reduce  system  cost  while 
increasing  reliability  and  flexibility. 

Summary 

A  two-stage  depressed  collector  for  high-power  gyrotrons  out- 
putting  microwave  power  between  1 10  GHz  and  170  GHz  in  a 
Gaussian  niode  was  presented.  The  mechanical  design  is 
robust  and  manufacturable  at  reasonable  cost.  The  typical 
requirement  for  large-diameter  ceramic  insulators  is  elimi¬ 
nated  by  supporting  the  second  stage  with  coolant 
feedthroughs.  By  grounding  the  first  stage  of  the  collector,  the 
need  to  electrically  isolate  the  magnet  coils  and  surrounding 
hardware  is  eliminated,  and  a  safer  working  environment  is 
established. 

The  electrical  design  indicates  that  approximately  70%  of  the 
spent  beam  energy  is  recovered,  and  the  total  efficiency  of  the 
gyrotron  is  increased  from  approximately  35%  to  more  than 
60%.  In  addition,  the  thermal  load  in  the  collector  is  reduced 
by  approximately  1.2  MW,  reducing  the  cost  and  complexity 
of  the  coolant  system.  Using  current  electrical  usage  and 
capacity  costs,  the  increased  efficiency  reduces  the  operating 
cost  for  each  gyrotron  by  $27/hr  and  capacity  cost  by  approxi¬ 
mately  $60,000  per  year.  For  installations  requiring  numerous 
tubes,  such  as  ITER,  this  represents  a  substantial  cost  savings 
for  the  facility. 
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ABSTRACT 

The  development  of  high-average  power  w-band  gyro- 
amplifiers  is  currently  being  pursued  by  the  Naval  Research 
Laboratory,  together  with  Litton  Electron  Devices  and 
Communicadon  &  Power  Industries  as  industrial  partners.  The 
gun  electrical  design  were  performed  with  the  EGUN  code 
[2],  and  were  independendy  confirmed  with  the  deformable- 
mesh  gun  code,  DEMEOS  [3].  Excellent  agreement  between 
the  two  codes  has  been  realized. 

The  magnetron  injecdon  gun  (MIG)  design  employs  an 
opdimzed  double-anode  geometry  and  a  radical  cathode  angle 
of  50  to  achieve  superior  beam  opdcs  that  are  reladvely 
insensidve  to  electrode  misalignments  and  field  errors.  Perp. 
velocity  spread  of  1.6%  at  a  velocity  rado  of  1.52  is  obtained 
for  a  6  A,  65  kV  beam.  The  gun  is  currendy  under 
construcdon. 

94-GHZ  MIG  DESIGN 

Efficient  operadon  of  gyro-devices  depends  cridcally  on 
the  quality  of  the  electron  bem.  Consequendy,  for  the  current 
design,  special  emphasis  has  been  placed  not  only  in  obtaining 
the  best  point  design  which  exceeds  all  the  requirements  of  the 
interacdon  circuit,  but  also  in  identifying  and  evaluadng  all 
factors  which  may  contribute  to  the  beam  velocity  spreads. 
Such  factors  include  cathode  surface  roughness,  electrode 
misalignments,  and  fabricadon  tolerances. 

Sjjecifically,  the  MIG  design  is  subjected  to  the 
following  RF  circuit  requirements: 


Beam  Current 

5-7  Amperes 

Beam  Voltage 

65  -  70kV 

Velocitv  Ratio 

00 

1 

Perp.  Vel.  Spread 

<  2.5% 

Max.Beam  Radius 

1-25  mm 

Guiding  Radius 

0.8  - 1.1  mm 

Open  Magn.  Field 

36  -  38  kG 

In  addidon,  pracdcal  consideradons  dictate  the  need  to 
maintain  cathode  loading,  J^,  below  8  A/cm*  for  reasonable 
cathode  lifetime,  peak  electric  field,  E_„,  well  below  100 
kV/cm  to  avoid  arcing,  and  gun  magnedc  compression  rado, 
B/B,,  at  or  below  25  to  minimize  electron  reflecdon  and  beam 
alignment  problems.  Moreover,  since  the  gun  will  be 
opcradng  at  high-repeddon  rate,  the  moduladng  voltage 


required  for  beam  pulsing  must  be  minimized  to  avoid 
stressing  the  voltage  modulator.  It  is  due  in  part  to  this  last 
requirement  that  the  present  gun  design  employs  the  double¬ 
anode  geometry.  Another  key  advantage  of  this  geometry  is 
the  ability  to  adjust  die  beam  perpendicular  to  axial  velocity 
rado,  a,  independent  of  the  magnedc  field  profile. 

Shown  in  Figure  1  is  the  MIG  geometry  and  beam 
trajectory.  It  is  essentially  comprised  of  three  regions:  the 
cathode-mod-anode  region,  the  mod-anode-anode  region,  and 
the  beam  tunnel  or  adiabatic  compression  region.  In 
performing  the  design,  care  has  been  taken  to  ensure  to  the 
largest  extent  possible  that  each  region  will  perform  mainly 
one  key  function.  Such  modular  approach  allows  a  much  more 
rapid  convergence  to  the  final  design.  Consequendy,  in  the 
design,  the  initial  beam  perpendicular  velocity  is  controlled 
mainly  by  the  geometry  and  voltage  of  the  cathode-mod- 
anode  region,  the  mod-anode— anode  region  provides  mainly 
axial  acceleration  to  bring  the  beam  up  to  full  potential,  and 
the  beam  is  adiabatically  compressed  in  the  beam  tunnel 
region  to  the  final  be^  velocity  ratio.  An  additional 
advantage  of  the  modular  approach  is  the  ability  to  locally 
pinpoint  and  control  beam  velocity  spread.  For  instance,  the 
transverse  beam  spread  can  be  minimized  by  shaping  the 
cathode  and  mod-anode  geometries. 

Key  elements  of  the  design  include  a  cathode  well- 
recessed  under  the  mod-anode  shroud,  a  reladvely  large 
cathode  angle  of  50°,  and  reladvely  parallel  potential  contours 
in  the  mod-anode-anode  region.  We  shall  discuss  these  key 
elements  in  turns.  The  recessed  cathode  is  critical  for  three 
reasons.  First,  by  recessing  the  cathode  deep  inside  the  mod- 
anode  shroud,  we  essentially  shield  the  cathode  fi-om  the  high 
anode  potential  (-65  kV  relative  to  cathode).  This  design 
choice  reduces  the  maximum  electric  field  on  the  cathode  tip 
to  less  than  67  kV/cm  (This"  value  has  also  been  independently 
confirmed  with  ANSYS  [4]).  well  below  the  dc  breakdown 
threshold.  Second,  it  allows  for  the  relatively  independent 
control  of  the  beam  initial  transverse  velocity  (E/BJ  with  just 
the  voltage  and  geometry  of  the  cathode-mod-anode  region. 
Finally,  it  minimizes  the  leakage  electric  field  (i.e.,  V  = 
V,«tofc)  on  the  thermionic  emitting  strip  from  the  anode 
voltage.  This  reduces  the  required  negative  mod-anode  voltage 
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^  u  ^  Rectory  of  the  94  GHz  magnetron  injection  gun  point  design 

swmg  relative  to  the  cathode  for  complete  beam  shutoff  (Le..  velocity  spread  does  not  exceed  2%  withh  the  operating  range 

required  by  Ae  interacting  circuit,  and  Aat  Ae  design  is 
mdeed  optimized.  This  is  exemplified  by  Figure  2  which 
shows  Ae  beam  velocity  and  peipenAcular  velocity  spread  as 
a  function  of  mod-anode  voltage. 

Of  Ae  1.6%  final  perpendicular  velocity  spread  m  Ae 
pomt  design,  0.6%  of  which  is  a  direct  result  of  electron 


less  stress  on  Ae  modulator).  For  this  design,  this  is  -1,7  kV. 

The  relatively  large  caAode  angle  of  50*  is  a 
consequence  of  tradmg  off  between  various  conflicting 
requirements.  Chief  among  Aese  is  Ae  need  to  maintain  Ae 
overall  coherency  of  Ae  cyclotron  phase  for  all  beam 
electrons  at  least  until  Ae  electric  field  is  primarily  axial.  This 


is  important  because  to  Ae  lowest  ord‘er  unless  all  beam  ...^h^nfiX  i^Ae  nreZt  of  ^bX 

electrons  picks  up  Ae  same  amount  of  tran«v«r«<.  Liaha^oomnLcf^*^  ®  space-charge  in  Ae 

adiabatic  compression  region.  This  is  independently  confirmed 

wiA  Ae  Univ.  Of  Maryland  code  MAGUN  [5], 


electrons  picks  up  Ae  same  amount  of  transverse  energy,  m 
Aeir  cycloidal  motion  through  Ae  region  of  substantial  radial 
electric  field,  serious  beam  spread  will  result  For  this  design, 
because  of  Ae  small  mean  radius  of  Ae  emitter  strip,  Ae 
relatively  high  beam  current  and  caAode  loading 
considerations,  Ae  emitter  strip  widA  is  a  substantial  fraction 
of  Ae  cyclotron  period;  Aus,  Ae  need  for  large  caAode  angle 
to  compensate. 

In  Ae  relatively  long  region  between  Ae  mod-anode  and 
anode,  it  is  critical  Aat  Ae  electric  field  is  primarily  axial. 
Even  Aough,  in  principle,  for  a  fixed  set  of  operating 
parameters,  one  can  shape  Ae  potential  contours  in  this  region 
to  greatly  correct  for  any  initial  beam  spread.  However,  due  to 
Ae  fact  Aat  Ae  beam  can  perform  more  Aan  two  cycloidal 
orbits  in  this  region,  any  deviation  from  Ae  operating 
paraineters  will  also  greatly  degrade  Ae  beam  quality;  hence, 
reducing  flexibility.  Consequently,  it  is  more  advanAgeous  to 
ensure  Aat  mainly  axial  acceleration  is  performed  in  Ais 
ic^on,  consistent  with  the  modulnr  design  methodology. 

The  optimized  point  design  parameters  are  shown  in  the 
table  below.  Agreement  between  EGUN  and  DEMEOS  is 
excellent  in  terms  of  beam  velocity  ratio,  velocity  spreads, 


1.9 

1.8 

1.7 

1.6 


1.5 


Anode  Voltege 

65  kV 

Mod-anode  Voltage 

17  kV 

Beam  Current 

6.0  A 

Velocitv  Ratio 

1.52 

Perp.  Velocitv  Sprd. 

1.6% 

Max.  Beam  Radius 

1.25  mm 

Beam  Guiding  Center 

0.82  nun 

Circuit  Magnetic  Fid. 

36kG 

Mag.  Comp.  Ratio 

25 

Cathode  Loading 

6.76  A/cm* 

Aaaitionally,  simulations  have  been  performed  to 
explore  the  gun  performance  under  various  operating 
parameter  ranges,  i.e.,  mod-anode  voltage,  beam  current,  and 
beam  voltege.  This  study  indicates  Aat  Ae  perpendicular 


Figure  2:  Beam  velocity  ratio  and  perp.  velocity  spread 
versus  mod-anode  voltage. 

We  have  also  investigated  Ae  impact  of  caAode  surface 
roughness  on  beam  spread  [6-7].  Our  results  mdicate  an 
additional  0.7%  beam  transverse  velocity  spread  can  be 
expected  from  bumps  of  1  microns  in  height  and  widA. 

In  addition,  an  exhaustive  study  of  Ae  resulting  beam 
quality  sensitivity  wiA  respect  to  misalignments,  fabrication 
tolerances,  and  geometric  deviations  from  Ae  design  has  been 
performed.  WiAin  Ae  fabrication  tolerance  and  alignment 
specifications,  Ae  study  indicates  Aat  Ae  beam  perp.  velocity 
spread  does  not  exceed  2%. 
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Abstract 

E}q>erimaital  investigations  have  been  carried  out  on 
single-gap  and  multi-gap  pseudospark  disCharges[l][2], 
which  include  voltage  breakdown  characteristics  and 
electron  beam  production.  An  electron  beam  of  up  to  100 
A  at  10  kV  was  measured  immediately  after  the  anode 
hole  for  a  single-gap  pseudospark,  A  hi^er  beam  current 
up  to  150  A  at  20  kV  was  measured  6  cm  from  the  anode 
in  a  fliree-gap  pseudospark  with  no  external  focusing 
magnetic  field.  The  brightness  of  this  pseudospark-based 
electron  beam  was  nteasiured  to  be  10”  Am'^rad'^  with  a 
collimator.  The  experimental  results  obtained  and  some 
tiieoretical  analysis  and  prediction  make  this 
pseudospark-based  electron  beam  source  a  potential 
candidate  for  applications  in  high  power  microwave 
generation. 

Introduction 

A  pseudospark  discharge^]  is  a  low  pressure,  transient 
hollow  cathode  gas  discharge  which  occurs  in  a  special 
geometry  in  different  kinds  of  gases,  Le.,  nitrogen,  oxygen 
and  hydrogen,  etc.  The  background  gas  pressure  is  such 
that  pd,  the  product  of  the  gas  pressure  p  and  the  distance 
d  between  the  front  faces  of  the  cathode  and  anode,  is  on 
the  left-hand  side  of  the  Paschen  curve  between  the 
Paschen  minimum  and  vacuum  breakdown.  The 
pseudospark  discharge  offers  the  possibility  of  producing 
electron  beams  of  high  current  density  (>10^  A  cm'* ),  high 
brightness  (up  to  10”  Am'*rad'* ),  narrow  beam  diameter 
(<4  mm),  very  low  emittance  (tens  of  mm  mrad)  and 
variable  duration  (terrs  of  ns  to  hundreds  of  ns)[4][5].  It  is 
tiierefore  very  attractive  as  an  electron  beam  source  for 
high  power  sources  of  microwave  radiation,  such  as  free 
electron  lasers  (FELs),  cyclotron  autoresonance  masers 
(CARMs)  and  Cherenkov  masers.  This  paper  presents  the 
experimental  details  and  results  of  pseudospark-based 
electron  beam  productiort  Numericd  simulation  of  a 
Cherenkov  maser  based  on  a  multi-gap  pseudospark 
discharge  will  also  be  presented. 

Experimental  Setup 

The  experimental  setup  for  the  pseudospark-based 
electron  beam  production  is  shown  in  Fig.l.  The  discharge 


chamber  consists  of  a  planar  anode,  a  planar  cathode  with 
an  adjustable  cylindrical  hollow  cavity,  and  several  sets  of 
Perspex  msulators  and  interelectrodes  of  65  mm 
thickness.  Both  the  anode  and  cathode  have  an  on-axis 
hole  of  3  mm  diameter.  The  centre  of  the  cathode  was 
designed  to  be  an  interchangeable  structure,  which 


Fig.l  The  e^qjerimental  setup  for  the  pseudospark-based 
electron  beam  production 


allowed  different  sizes  of  cathode  core  and  different  kinds 
of  cathode  materials  to  be  studied.  The  hollow  cathode 
cavity  made  of  stainless  steel  of  outer  and  inner  diameters 
of  63  and  50  mm  respectively  was  length-adjustable 
through  an  adjuster.  Gas  pressure  was  measur^  by  a 
digital,  active  Pirani  gauge.  The  cathode  side  of  the 
chamber  was  charged  up  to  30  kV  through  a  30  MQ 
charging  resistor  and  the  charging  voltage  was  measured 
by  a  capacitive  voltage  probe.  The  discharge  current  was 
monitored  by  a  0.066  Q  current  viewing  resistor  (CVR). 
The  beam  current  was  measured  by  a  Rogowski  coil 
located  6cm  away  from  the  anode  and  the  beam 
brightness  was  measured  with  a  6  cm  long  cylindrical 
collimator  connected  to  the  anode  as  shown  in  Fig.l. 

Experimental  Results 

The  basic  investigations  of  electron  beam  production  were 
earned  on  a  single-gap  pseudospark  system  for  a  wide 
range  parameters,  including  cathode  cavity  length, 
cathode  hole  size,  applied  voltage,  external  capacitance 
and  the  inductance  in  the  discharge  circuit.  The 
experiments  showed  that  the  pseudospark  discharge 
phenomenon  appeared  when  the  ratio  between  the 
cathode  cavity  length  to  the  cathode  hole  diameter  was 
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greater  than  1.  The  discharge  current  approximately 
obeyed  the  relation  Jdisdiaige=  Vo  (Cext/L)-i/2,  where  C«t  is 
the  external  capacitance,  Vo  ftie  applied  voltage  and  L  the 
total  inductance  in  the  discharge  circuit.  The  beam  current 
however  had  a  saturation  value  when  changing  the 
external  capacitance.  To  get  maximum  beam  current  the 
inductance  in  the  discharge  circuit  should  be  minimized. 
The  optimum  beam  current  from  the  single-gap 
pseudospark  discharge  chamber  was  100  A  at  10  kV  with 
Cext  =  500  pF.  Higher  energy  electron  beam  production 
was  studied  from  3-gap  pseudospark  systems.  Fig.2  shows 
the  voltage,  diode  current  and  beam  current  from  the  3- 
gap  pseudospark  system.  The  brightness  of  this  beam  was 
measured  to  be  ^10^^  (Am'^rad’^)  with  a  6cm  long 
collimator  in  contact  with  the  anode[6].  For  the  4-gap 
pseudospark  system,  a  beam  of  up  to  260  A  was  measured 
after  the  collimator  with  the  Rogowski  coil. 

Numerical  Simulation  of  the  Strathclyde 
University  Cherenkov  Maser  Amplifier 

A  Cherenkov  maser  amplifier  experiment  is  currently 
xmder  development  at  the  University  of  Strathclyde.  The 
main  aim  of  the  experiment  is  to  demonstrate  the 
suitability  of  the  pseudospark  cathode  as  an  electron 
source  for  high  power  microwave  generation.  In  tiiis 
experiment,  an  electron  beam  generated  by  a  multi-gap 
pseudospark  cathode  is  pcissed  through  a  section  of 
cylindrical  waveguide  lined  with  a  layer  of  dielectric 
(alumina).  The  presence  of  flie  dielectric  allows  a  resonant 
interaction  to  occur  between  a  TM  or  HE  waveguide  mode 
and  the  electron  beam. 

A  one-dimensional  model  of  the  Cherenkov  maser 
amplifier  has  been  developed  in  an  attempt  to  predict  the 
behaviour  of  this  device  both  in  the  linear  and  nonlinear 
regime  of  operation.  The  model  takes  into  account  effects 
due  to  electron  velocity  spread  and  resonant  space  charge 


forces.  A  typical  example  of  the  results  produced  by  this 
model  is  shown  in  Fig.  3  for  interaction  involving  only  a 
TMoi  mode.  The  mode  power  at  saturation  is  «220kW, 
corresponding  to  an  interaction  efficiency  of  «11%. 

Condusions 

Electron  beam  production  from  a  pseudospark-based 
cathode  was  experimentally  studied  using  different 
configurations  and  external  parameters.  Measurements  of 
beam  voltage,  current  and  brightness  were  obtained. 
These  results,  coupled  with  computer  simulation,  suggest 
that  tills  pseudospark-based  electron  beam  source  is  a 
potential  candidate  for  applications  in  high  power 
microwave  generatioa 
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Abstract 

This  paper  summarizes  continuing  improvement  of 
the  18  to  40  GHz  Miiiimeter  Power  Moduie 
(MMPM).  The  MMPM  is  a  complete  millimeter 
wave  amplifier  which  includes  a  vacuum  power 
booster,  a  solid-state  MMIC  driver  amplifier,  and  a 
high  density  electronic  power  conditioner.  The 
three  components  fit  in  a  variety  of  packages,  but 
the  minimum  volume  requirement  is  currently  35 
cubic  inches.  Demonstrated  performance  is  50 
watts  CW  output  power,  50  dB  small  signal  gain,  a 
noise  figure  of  less  than  10  dB,  and  25% 
efficiency.  Projected  performance  in  the  same 
band  is  80  watts  CW,  and  initial  test  data  shows 
100  watts  CW  is  possible  without  significant 
redesign.  Work  is  also  proceeding  on  a  Q-Band 
version  with  RF  capability  to  50  GHz.  The  entire 
MMPM  is  being  developed  by  Litton;  the  Electron 
Devices  Division  is  developing  the  vacuum  power 
booster  and  electronic  power  conditioner  while  the 
Solid  State  Division  is  developing  the  MMIC 
amplifier.  Applications  include  radar,  electronic 
countermeasures  as  well  as  communications 
transmitters.  For  some  high  power  applications, 
power  combining  is  also  possible. 


electronic  countermeasures,  radar  and  communications 
applications.  Table  1  summarizes  the  most  important 
goals.  Figure  1  shows  a  photograph  of  the  MMPM. 


Background 

An  MMPM  houses  three  components.  The 
electronic  power  converter  (EPC)  is  typically  a  low 
volume,  switching  power  supply.  The  solid  state 
MMIC  amplifier  Is  a  low  noise  device  supplying  a 
drive  level  signal.  A  helix  traveling  wave  tube 
(TWT)  Is  used  as  the  vacuum  power  booster  (VPB). 
All  three  major  components  have  been  the  subject 
of  a  multi-year  development  effort  at  Litton. 
Although  the  EPC  design  was  challenging,  the 
TWT  used  as  the  VPB  required  significant 
development. 

MMPM  Design  Goals 

The  MMPM  was  designed  to  meet  performance 
goals  well  beyond  amplifiers  available  in  this  size 
and  weight  class.  Goals  were  assigned  for  all 
normal  amplifier  performance  parameters  based 
on  probable  applications.  These  include 


Performance  Goal 

Value 

Bandwidth 

18-40  GHz 

GutputPower 

40  Watts 

Efficiency 

30% 

Small  Signal  Gain 

53  dB 

Gain  at  Rated  Power 

48  dB 

Duty  Cycle 

0  to  100%  “ 

Noise  Figure 

lOdB  ■ 

Noise  Power  Density 
(Beam-on) 

-40  dBm/MHz 

Phase  Tracking 

+/-  35  degrees 

Spectral  Purity 

-40  dBc 

Size 

35  in^ 

Weight 

2.5  lb. 

Cooling 

Conduction 

Temperature 

-55  to  +105  deg  C 

Figure  1.  Open  MMPM  case  showing  the  VPB  in  the 
rear  left  comer,  the  MMIC  amplifier  in  center  rear  the 
potted  high  voltage  section  of  the  EPC  in  the  front  left, 
and  the  low  voltage  and  control  sections  in  the  front 
right. 

VPB  Electronic  Design  Parameters 

The  VPB  was  mechanically  designed  as  a  precision 
brazed  ceramic  and  metal  structure.  The  device  is 
approximately  7  inches  long  and  0.65  inches  in 
diameter.  It  uses  a  high  perveance  beam  and  a  three 
stage  depressed  Mllector.  The  gun  design  is  a  stacked 
ceramic  design  with  a  focus  electrode  for  pulsed  beam 
control.  The  helix  is  wound  tungsten  tape  supported  by 
four  BeO  rods.  The  BeO  rods  and  helix  are  bound 
t^ether  into  a  bundle  using  a  tungsten  wire  overwrap 
The  resultant  circuit  bundle  is  brazed  inside  the 


envelope  to  maximize  thermal  transfer.  The  three 
stage  coliector  design  is  a  variant  of  the  NASA 
Lewis  Research  Center  designs,  with  a  single 
ceramic  outer  sleeve  supporting  three,  copper 
eiectrodes.  Eiectrodes  are  treated  to  reduce 
secondary  electron  emission.  The  periodic 
magnet  stack  uses  Samarium  Cobait  magnets 
having  a  peak  field  value  of  6000  gauss  on  axis. 

Several  pre-production  units  were  built  to  test 
manufacturing  methods.  Currently,  the  pilot- 
production  VPBs  are  built  and  tested  using  design 
parameters  shown  in  Table  2. 
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Parameter _ 

Helix  Voltage 
Cathode  Current 
Cathode  Diameter 
Cathode  Loading  ~ 

Helix  ID/Pitcn 
Collector  Voltages 
v/c 

Interaction  Imoedance 
^ain 
_Noise 

Table  2.  VPB  Eiectronic 
(Unless  otherwise  noted, 
cathode) 


110  mA 
"  0.092  in  ^ 

~X6A/cm^ 

~.0255  in  /  .0177  in  ~~ 

35%.  17%.  9% 

0.153  -  0.152  ^ 

45-7  ohms 

'  21-15  dB/in  ~ 

J,,;30dB^H£j[midband)___ 
Design  Parameters 
ali  voltages  are  relative  to 


MMIC  Pre-Driver  Amplifier 


The  pre-driver  amplifier  is 
X  0.5  inch  module  using 
achieve  the  ultimate  size 
architecture  is  a  cascade, 
and  one  power  amplifier. ' 
MESFET  power  amplifier  I 
gain  of  31  dB,  and  output 
1dB  cortipression. 


i  packaged  in  a  1.8  X  0.7 
MMIC  technology  to 
reduction.  The  design 
,  using  one  driver  chip 
The  second  chip  is  a 
MMIC  with  small  signal 
power  near  20  dBm  at 


production  lots  is  underway.  Figure  2  shows  saturated  ^ 
RF  power  for  the  first  VPB.  The  data  shown  is  for  a 
conduction  cooled  package  running  at  100%  duty  with 
a  microperveance  of  0.2.  Later  units  do  not  show  the 
power  drop  at  the  high  end  of  the  band. 

Additionally,  some  high  band  test  data  was  taken  for 
VPBS  running  in  pulsed  beam  mode  (10%  duty)  at  0  26 
micropervean^ce.  Power  output  increased  an  average 
of  2  dBm  and  exceeded  100  W  midband  (Figure  3)  it 

CW^device^^*  achievable  in  a 


Figure  2.  VPB  RF  Power  at  6.7  kV,  110  mA,  100% 
auty.  Design  and  test  values  as  shown  in  Table  2. 


_  Figure  3.  VPB  Saturated  Output  Power  at  10%  dutv 
_  and  tested  at  0.26  microperveance.  ^ 

-■  Q-Band  MMPM 

Work  is  proceeding  on  a  Q-Band  MMPM.  This  device 

device.  All  major 

th^'irin"!>®u®''®,  to  accommodate 

h5n«  toitially  this  device  is 

being  designed  for  narrow  band  Satellite 
Communications  applications. 

Conclusion 

parameters  for  a  50  W,  18-40  GHz 
MMPM  amplifier  have  been  presented.  Test  data  from 
the  pilot  production  modules  shows  performance 

Pre-production  of  a  Q-Band  (33- 
iQQ7  begun  with  deliveries  in  August 

1997.  The  goals  were  set  to  meet  the  demands  of 
electronic  countermeasures,  radar,  and 
communications  applications. 
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Test  Data 

The  MMPM,  as  pictured  in  Figure  1,  is  currently  in 
pilot-production.  Detailed  testing  of  these  first 
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Abstract 

A  nonlinear  theory  of  the  clinotron,  which  is  a 
modification  of  the  BWO,  is  presented.  The  problem  of  the 
electron-wave  interaction  is  treated  in  terms  of  the  scattering 
of  a  wave  package  of  the  electromagnetic  field  on  an  electron 
beam.  Theoretical  results  are  presented  on  the  start-up 
scenario,  saturation  effects,  efficiency,  and  tuning 
characteristics.  The  theory  predicts  a  possibility  of  an  essential 
upgrading  of  clinotron  performance. 

Introduction 

The  clinotron  is  an  electron  tube  proposed  by 
Ukrainian  scientists  [1-2],  which,  is  capable  of  continuous 
mode  of  operation  in  the  millimeter  and  submillimeter  wave 
bands  with  high  output  power  level.  The  basic  principle  of  the 
electron-wave  interaction  in  the  clinotron  is  similar  to  that  in 
the  conventional  BWO,  but  in  order  to  eliminate  some 
drawbacks  of  the  latter,  essential  modifications  in  the  tube 
design  have  been  introduced.  The  principal  one  is  related  with 
the  application  of  a  thick  electron  beam  inclined  to  the  surface 
of  a  grating,  as  shown  in  fig.l.  In  this  case,  each  layer  of  the 
beam  can  effectively  interact  with  the  field.  Besides,  by 
varying  the  tilt  angle  a  it  is  easy  to  optimize  the  length  of  the 
„effective“  interaction  space  without  changing  the  geometry  of 
the  oscillatory  circuit.  These  approaches  have  resulted  in  the 
development  of  a  series  of  oscillators  through  the  millimeter 


Fig.  1.  Configuration  of  the  beam  and  the  grating 


and  submillimeter  wave  bands  [1,2].  The  output  power  level 
of  these  tubes  is  an  order  of  magnitude  larger  &an  that  of 
conventional  BWO’s  [3,4]  while  small  and  submillimerer 
wave  bands  [1-2].  The  physical  dimensions  and  weight,  low 
operating  voltages  and  other  advantages  of  BWO’s  have  been 
preserved. 

In  spite  of  the  attractive  characteristics  of  the 
clinotron  obtained  in  the  experiments,  this  tube  has  not  been 
adequately  studied  theoretically.  Publications  on  record  deal 
mainly  with  some  aspects  of  the  clinotron  mode  of  the 
electron-wave  interaction  or  with  properties  of  the  .,coId“ 
oscillatory  structures  used  in  the  clinotron  [1.2,  6,7].  In  the 
meantime,  there  is  a  need  for  a  nonlinear  self-consistent  theory 
which  can  be  used  for  a  detailed  study  of  the  physics  of  the 
clinotron  and  for  its  simulation  and  optimization.  This  paper  is 
intended  to  make  contribute  to  the  development  of  such  a 
theory. 

Mathematical  model 

The  analysis  is  based  on  the  solution  of  self- 
consistent  equations,  involving  the  equations  of  excitation  of 
coupled  forward  and  backward  waves,  the  motion  equation 
and,  the  Poisson  equation  for  the  space  charge  field.  The 
effect  of  an  external  signal  is  also  included.  The  electron  beam 
is  considered  as  nonrelativistic  and  monoenergetic,  and  the 
motion  of  particles  is  assumed  to  be  straight.  To  simplify  this 
set  of  equations,  an  averaging  procedure  is  appli^  which 
eliminates  fast-time  and  fast-space  phenomena.  This  results  in 
the  equations  of  excitation  for  the  complex  amplitudes  of  the 
waves  which  slowly  vary  in  time  and  space.  The  final 
mathematical  model,  depending  on  specific  values  of  the 
control  parameters,  describes  various  modes  of  clinotron 
operation,  including  self-running  oscillations,  synchronization, 
and  amplification.  In  some  limits,  this  system  allows  further 
simplifications.  One  of  them  corresponds  to  the  case  of 
essential  reflections  of  the  waves  from  the  ends  of  the  grating 
or/and  slow  values  of  the  beam  current.  In  this  limit  effects  of 
the  beam  on  the  spatial  field  distribution  can  be  neglected, 
which  gives  a  possibility  to  formulate  the  mathematical  model 
in  terms  of  only  time  dependent  equations  and  to  apply  well 
developed  methods  [8]  for  its  analysis. 
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Results 

It  is  convenient  to  treat  the  problem  of  the  electron- 
wave  interaction  in  the  clinotron  in  terms  of  the  scattering  of  a 
wave  package  of  the  electromagnetic  field  on  an  electron 
beam.  In  the  case  of  the  clinotron,  the  wave  package  is 
characterized  by  the  following  spectrum  shape  function 

S(k)  =  [(^  -k^f+  kj  sin^  a]”” ,  (1) 

where  is  the  propagation  constant  of  a  slow  wave  along  the 
grating.  The  growth  rate  of  the  field  in  the  single-electron 
interaction  regime  is  proportional  to  dS(k)  /dk  at 

=  where  0)  is  the  angular  fi'equency  and 

V{)  the  electron  velocity.  Hence  it  follows  that  the  minimum 
starting  current  (/,,)  value  is  achieved  .  at 

P«  “Sina /VS),  and  that  oesin^a.  Thus, 
there  is  a  strong  rise  in  the  starting  current  with  an  increase  of 
Ct .  However,  the  latter  leads  also  to  widening  of  the 
spectrum  (1),  which  gives  a  possibility  to  considerably 
increase  the  efficiency  of  the  energy  transfer  from  the  beam 
under  a  proper  choice  of  the  device  control  parameters.  This 
conclusion  is  consistent  with  the  results  of  experimental 
investigations  [1]  and  with  our  computer  simulations 
illustrated  in  fig.  2.  Here  the  efficiency  (T] )  is  shown  as  a 

function  of  the  normalized  current  7  =  ///^,((X)  for 

various  values  of  a  .  By  increasing  the  tilt  angle  (up  to  5  *  or 
around  it),  it  is  possible  to  essentially  upgrade  the  efficiency 
provided  that  the  beam  current  can  be  made  large  enough.  It 
should  be  noted  that  the  efficiency  saturates  at  rather  large 
values  of  J  compared  to  those  in  the  conventional  BWOs, 
which  is  conditioned  by  a  relatively  slow  decrease  of  the 
amplitudes  of  spatial  spectral  components  of  the  spectrum  (1) 


Fig.2.  Efficiency  versus  normalized  beam  current  for  different 
values  of  the  tilt  angle. 


with  an  increase  of  (k-kj)^.  In  practical  clinotron  tubes 
[1],  the  current  value  is  relatively  small,  which  results  in  an 
efficiency  of  several  percent,  which  is,  as  is  seen  from  the 
simulation  results,  far  below  the  maximum  possible  values. 

The  analysis  of  the  space  charge  field  effects  has 
shown  that  for  practically  achievable  values  of  the  beam 
current  density,  they  do  not  impose  serious  limitations  on 
clinotron  performance.  In  practical  devices  the  maximum 
value  of  the  current  which  can  be  used,  and  therefore  the 
maximum  vdue  of  the  efficiency,  are  mainly  determined  by 
the  possibilities  to  provide  an  effective  cooling  of  the  grating. 

Conclusions 

We  have  proposed  a  self-consistent  nonlinear  model 
which  may  be  used  for  the  analysis  of  various  regimes  of 
clinotron  operation.  We  have  considered  main  regularities  of 
the.  electron- wave  interaction  in  the  clinotron  and  have  found 
that  they  differ  in  many  cases  fi-om  those  in  the  conventional 
BWO.  The  theoretical  results  predict  a  large  potential  of  the 
clinotron  interaction  mode  for  the  efficiency  enhancement. 
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Abstract 

The  Paper  describes  the  oscillation  characteristics  of 
cyclotron  high  harmonic  peniotrons  based  on  space  harmonic 
interactions  in  magnetron  waveguide  resonators.  The 
experimental  results  showed  considerably  high  efficiencies  of 
75%  for  the  3rd  harmonic  and  6%  for  the  10th  harmonic  at 
30GHz  and  lOOGHz,  respectively. 

1.  Introduction 

Peniotron  has  been  theoretically  and  experimentally 
recognized  to  have  a  very  high  conversion  efficiency  for 
electromagnetic  wave  generation  at  a  cyclotron  high 
harmonic,  as  well  as  a  cyclotron  fundamentaU-^).  In  addition, 
we  proposed  a  space  harmonic  interaction  where  an  axis 
encircling  electron  interacts  with  a  space  harmonic  wave  of 
the  respective  mode  in  a  magnetron  waveguide  and  pointed  out 
many  advantages  of  the  space  harmonic  interaction  using  the 

2n  mode  in  the  waveguide  for  cyclotron  high  harmonic 
operationsS),  The  number  of  corrugations  in  the  waveguide 
wall  is  a  half  of  that  in  a  conventional  n  mode  tube.  The  loss 
in  the  resonator  is  the  smallest,  because  the  similar  wave  of  a 
circularly  polarized  TEqi  wave  propagates  in  the  resonator 
and  the  output  circuit  is  easier  to  design  than  those  at  other 
modes  in  the  resonator.  The  space  harmonic  peniotrons  using 

the  2n  mode  were  fabricated  to  examine  the  oscillation 
characteristics  at  the  cyclotron  3rd  and  10th  harmonics  at  the 
frequency  ranges  of  30GHz  and  lOOGHz,  respectively. 

The  paper  describes  fabrication  and  experiments  of  the 
peniotron. 

2.  Experiments 

The  cyclotron  3rd  and  10th  harmonic  peniotrons  were 
designed  and  fabricated  to  examine  a  2nd  space  harmonic 
peniotron  interaction  at  the  2n  mode  in  4  and  11  vanes 
magnetron  waveguide  resonators,  respectively.  Output 
powers  at  the  2n  mode  are  transmitted  into  cylindrical 
waveguides  at  the  TEqi  mode  through  circular  coupling  holes 
at  the  end  of  the  resonators. 

First,  the  paper  describes  the  experimental  results 
obtained  in  the  3rd  harmonic  tube.  Although  many 
oscillations  at  cyclotron  high  harmonics  are  observed,  the 
highest  intensity  of  oscillation  was  achieved  at  the  cyclotron 
3rd  harmonic  at  the  expected  operation  mode  of  2n  mode. 
Figure  1  shows  the  thermo  image  of  the  transmitted  power  in 
the  cylindrical  waveguide  observed  on  the  liquid  crystal 
sheet.  The  image  indicate  clearly  that  the  transmitted  mode  in 
the  waveguide  is  TEqi  mode,  which  suggests  the  operation 


mode  is  27t  mode  in  the  4  vanes  magnetron  waveguide 
resonator. 

Figure  2  shows  the  output  power  and  the  electronic 
efficiency  at  the  cyclotron  3rd  harmonic  operations  at  the 
beam  voltage  of  30kV,  as  a  function  of  beam  current.  The 
solid  and  half  tone  symbols  are  the  output  powers  and  the 
electronic  efficiencies  of  experiments,  and  the  open  symbols 
and  their  connections  are  those  of  design  values  of  the 


Fig.  1  Mode  pattern  of  output  power  in  the  cylindrical 
waveguide  observed  on  a  liquid  crystal  sheet. 


Fig.  2  Output  powers  and  electronic  efficiencies  of  the  cyclo¬ 
tron  3rd  harmonic  tube  using  the  2nd  space  harmonic 
interaction  in  the  27t  mode  as  a  function  of  beam  current. 
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experimental  tube,  respectively.  The  highest  output  power  of 
6.9kW  was  obtained  at  the  beam  current  of  0.65A  and  the 
highest  conversion  efficiency  of  39%  was  achieved  at  the 
output  power  of  5.2kW  and  at  the  beam  current  of  0.45A, 
resp^tivcly.  The  efficiency  corresponds  to  the  electronic 
efficiency  of  75%  by  estimating  the  power  loss  in  the 
resonator  and  the  operation  characteristics  are  very  close  to 
the  design  values,  as  shown  in  Fig.  2. 

In  addition,  the  collector  current  and  the  output  power  do 
not  change  up  to  the  depression  potential  of  nearly  6kV 
applied  on  the  collector.  Then,  the  highest  efficiency  of  75% 
corresponds  to  the  effective  efficiency  of  92%  by  the  energy 
recovery  of  the  spent  electrons  at  the  depression  potential  of 
5.5kV.  However,  there  is  a  big  difference  in  the  collector 
current  characteristics  against  the  depression  potential 
between  the  oscillation  and  without  oscillation.  Figure  3 
shows  the  changes  in  the  collector  current  as  a  function  of 
depression  potential  on  the  collector  for  both  cases.  The 
collector  current  at  the  oscillation  decreases  from  the 
potential  of  nearly  6kV.  On  the  other  hand,  the  current  does 
not  change  up  to  the  potential  of  13kV  in  the  case  of  without 
oscillation.  The  reason  of  such  a  difference  is  explained  as 
follows.  The  collector  is  put  in  the  position  of  10cm 
downstream  from  the  end  of  the  resonator  and  the  magnetic 
flux  density  decreases  gradually  along  the  beam  axis.  Then, 
the  rotational  energy  of  electron  is  converted  into  the  axial 
energy  again  by  the  magnetic  mirror  field.  However,  electrons 
without  rotational  energies  by  a  highly  efficient  operation  of 
peniotron,  such  as  75%  of  efficiency,  keep  nearly  constant 
axial  energies  in  the  down  tapered  magnetic  mirror  field.  On 
the  other  hand,  the  electrons  have  large  rotational  energies  in 
the  case  of  without  oscillation,  which  are  converted  into  the 
axial  energies  during  electrons  travelling  in  the  magnetic 
mirror  field.  Therefore,  this  big  difference  in  the  axial  energy 
of  spent  electrons  in  a  down  tapered  magnetic  mirror  field 
indicates  a  highly  efficient  operation  of  peniotron. 

Finally,  the  paper  describes  the  experimental  results  of 
the  cyclotron  10th  harmonic  tube  operating  at  lOOGHz. 
Intense  oscillations  were  achieved  at  the  10th  harmonics  as 
like  as  the  3rd  harmonic  operation,  suggesting  the  operation 
mode  of  2n  mode.  Figure  4  shows  the  output  power  and  the 
electronic  efficiency  at  the  10th  harmonic  operation  as  a 
function  of  beam  current.  The  highest  efficiency  was  about  6% 
at  the  beam  current  of  0.35A.  Although  the  efficiency  is 
relatively  high  for  the  cyclotron  10th  harmonic  operation, 
there  are  considerably  big  discrepancies  between  the 
experimental  results  and  the  design  values  probably  due  to 
the  offset  of  rotating  center  and  the  spread  of  velocity  ratio 
of  electrons  which  affect  strongly  on  the  conversion 
efficiency  for  cyclotron  high  harmonic  operation. 

3.  Conclusion 

The  paper  described  fabrication  and  experiments  of  space 
harmonic  peniotrons  and  showed  considerably  high 


efficiencies  of  75%  at  the  cyclotron  3rd  harmonic  and  6%  at 
the  10th  harmonic,  respectively. 
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Fig.  3  Collector  current  as  a  function  of  depression  potential 
on  the  collector.  The  solids  and  the  half  tones  are  cur¬ 
rents  with  and  without  oscillations,  respectively. 
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Fig.  4  Output  powers  and  electronic  efficiencies  at  the  cyclo¬ 
tron  10th  harmonic  operation  as  a  function  of  beam 
current. 
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ABSTRACT 


Until  recently  hydrazine  (N2H4)  had  35  known  far- 
in&ared  laser  lines  when  optically  pumped  by  a  ‘^**02  cw- 
laser.  We  have  discovered  127  new  lines  pumped  by  regular, 
sequence,  and  hot  band  lines  of  a  cw-laser.  One 

hundred  and  one  of  these  new  lines  have  wavelengths  less 
than  200  jim,  the  shortest  wavelength  line  is  49.2  pm.  Of  the 
162  known  lines,  139  have  been  frequency  measured.  We 
will  be  presenting  the  pump  line,  pump  offset,  FIR 
wavelength  and  frequency,  optimum  pressure,  relative 
intensity,  and  relative  polarization  for  each  line.  Preliminary 
work  has  also  identified  17  new  lines  when  hydrazine  is 
pumped  by  an  N2O  laser,  and  we  have  also  measured  most  of 
them  in  frequency. 


Keywords:N2H4,  far-infrared  lasers,  frequency  measurement, 
review. 


i.  INTRODUCTION 

For  a  while  it  was  not  paid  much  attention  to  hydrazine 
(N2H4)  as  a  good  far-infrared  (FIR)  laser  medium  when 
pumped  by  an  infrared  (IR)  laser.  However,  in  the  last  two 
years  our  group  has  discovered  127  new  far-infrared  laser 
lines  by  optically  pumping  hydrazine  with  a  cw  ^^C’^02  laser, 
and  17  new  far-infrared  laser  lines  by  optically  pumping 
hydrazine  with  an  N2O  laser.  Unlike  the  previously  known 
hydrazine  laser  lines,  most  of  these  new  lines  are  less  than 
200  pm  in  wavelength.  We  also  measured  the  frequencies  of 
128  of  these  new  lines  as  well  as  14  previous  lines. 
Optimum  pressure,  relative  polarization,  relative  strength, 
and  pump  offset  frequency  from  line  center  were  also 
determined  for  most  of  the  lines.  All  of  this  information  will 
be  shown  at  this  talk. 

Although  most  of  these  measurements  have  been 
reported  before*’^  the  last  summary  of  hydrazine  laser  lines^ 
listed  only  68  lines  and  did  not  report  the  pump  offset, 
polarization,  intensity,  or  pressure.  Since  we  thoroughly 
examined  every  CO2  pump  line  and  we  don’t  anticipate  many 
new  FIR  lines  from  hydrazine  in  the  future,  this  is  a  good 


time  to  summarize  our  work.  The  17  new  N2O  laser  pumped 
lines  quadruples  the  known  hydrazine  FIR  lines  pumped  by 
this  source.®  Jones  et  al.®  also  reported  seven  N2H4  lines 
pumped  by  CO2  isotope  lasers.  We  have  not  done  any  work 
-  vflth  these  sources  and  refer  the  reader  to  their  paper  for 
those  FIR  wavelengths. 

2.  LASER  DESCRIPTION 

The  CO2  pump  laser  uses  a  1.5-m  long,  high-Q  Fabry- 
Perot  resonator.  The  key  element  in  this  laser  is  the  high 
resolution  grating.  This  grating  selects  the  CO2  laser 
transition  and  also  couples  out  the  laser  radiation  in  the 
zeroth  order.  By  using  gratings  with  different  coupling 
percentages  we  are  able  to  cover  the  complete  range  of  the 
normal  CO2  laser  bands  with  up  to  40  W  of  power  and  also 
have  many  sequence  band  and  hot  band  lines  oscillating  with 
up  to  20  W  of  power.  A  more  complete  description  of  this 
laser  design  can  be  found  in  ref.  9.  The  N2O  laser  is  of  the 
same  design  as  the  CO2  laser,  only  the  cavity  and  discharge 
length  were  extended  an  extra  0.5  m  to  increase  the  power. 

Two  different  FIR  lasers  were  used  for  these 
measurements.  The  first  is  a  2-m  long  metal-dielectric 
waveguide  laser.  It  has  two,  flat  end  mirrors.  CO2  pump 
radiation  is  coupled  into  the  laser  through  a  hole  in  one  of 
these  end  mirrors  for  longitudinal  pumping.  A  small  45° 
polished  copper  mirror  near  this  end  couples  out  a  firaction  of 
the  FIR  radiation.  The  other  end  mirror  is  mounted  on  a 
movable  micrometer  to  tune  the  cavity  into  resonance  with 
the  FIR  radiation.  A  Brewster  angle  Si  output  window 
transmits  most  of  the  FIR  but  blocks  any  residual  CO2 
radiation.  The  FIR  radiation  is  detected  with  either  a  photo 
diode  or  a  metal-insulator-metal  (MIM)  diode. 

The  second  FIR  laser  has  a  35-mm  diameter,  2-m  long 
Pyrex  tube.  At  the  ends  of  this  tube  are  two  mirrors,  one  a 
flat  copper  mirror,  the  other  a  4-m  radius  gold  coated  mirror 
mounted  on  a  movable  micrometer.  The  hydrazine  is 
longitudinally  pumped  by  CO2  radiation  in  a  V  configuration. 
The  CO2  is  focused  through  a  5  mm  hole  in  the  flat  mirror 
that  is  16  mm  above  the  mirror  center.  The  pump  radiation 
strikes  the  curved  mirror  in  the  center  and  is  then  refocused 
to  strike  the  flat  mirror  16  mm  below  the  center.  FIR  power 
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is  coupled  out  and  detected  in  the  same  way  as  the 
waveguide  laser.  This  laser  favors  short  wavelengths.  Its 
calculated  loss  is  less  than  0.5  %  for  wavelengths  less  than 
150  pm.  Vasconcellos  et  al.*®  describe  this  laser  in  greater 
depth. 


3.  MEASUREMENTS 

When  searching  for  new  laser  lines,  we  first  look  for 
absorption  of  the  CO2  pump  radiation  by  monitoring  the 
photo-acoustic  signal  from  a  microphone  mounted  inside  the 
FIR  laser  cavity.  Optimum  photo-acoustic  signals  occur  at 
about  650  to  1300  Pa  of  hydrazine.  Once  an  absorption 
signal  is  found,  we  start  a  search  for  FIR  emission  by 
lowering  the  hydrazine  pressure  and  simultaneously  tuning 
the  FIR  cavity  length  and  the  pump  offset  Once  a  FIR  laser 
signal  is  detected,  the  pressure,  output  coupling,  and  pump 
offset  are  adjusted  to  optimize  the  signal.  Also,  for  FIR  laser  • 
two,  the  polarization  relative  to  the  pump  polarization  is 
measured.  Then  a  scan  of  the  laser  modes  is  recorded  as  a 
function  of  FIR  cavity  length.  This  gives  a  first  measurement 
of  the  number  of  FIR  lines  that  are  lasing  and  their 
wavelengths.  Finally,  measuring  the  difference  in  cavity 
length  between  20  laser  modes  (10  X.)  gives  a  value  for  the 
wavelength  accurate  to  about  0.1%.  This  process  is  repeated 
for  every  CO2  or  N2O  pump  laser  line. 

3,1.  Frequency  measurements 

The  FIR  laser  frequency  is  determined  by  comparing  it 
to  a  known  frequency,  in  our  case  the  FIR  radiation  is  mixed 
in  a  MIM  diode  with  radiation  from  two  reference  CO2  lasers 
and  a  microwave  synthesizer.  The  diode  generates 
frequencies  of  various  mixing  orders  between  these  four 
sources.  In  the  our  case 


and  m=l  or  2.  The  CO2  reference  frequencies  and  the 
microwave  frequency  are  chosen  to  give  a  8v  within  the  1.5 
Ghz  bandwidth  of  our  amplifier  and  spectrum  analyzer. 

The  CO2  reference  lasers  are  frequency  stabilized  to  ± 
10  kHz  and  their  frequencies  are  known  to  an  accuracy  of  2.5 
kHz.  The  microwave  source  is  also  accurate  to  better  than 
10  Hz.  Setting  the  FIR  laser  to  the  center  of  its  gain  curve 
determines  the  accuracy  of  the  FIR  laser  frequency  We 
generally  measure  each  frequency  five  times  or  more  and 
report  the  average  of  these  measurements.  Our  la 
uncertainty  is  2x10’^  times  the  frequency. 


3.2.  Frequency  offset  measurements 

Pump  frequency  offset  measurements  are  important  for 
assigning  these  FIR  laser  transitions.  Measuring  the  offset  is 
a  simple  matter  of  setting  the  pump  frequency  for  maximum 
FIR  power  and  then  mixing,  in  a  MIM  diode,  some  of  the 
pump  radiation  with  a  reference  laser  locked  to  the 
appropriate  line  center.  Just  as  with  the  FIR  frequency 
measurements,  the  diode  generates  a  beatnote  between  the 
two  laser  frequencies  which  is  measured  in  a  similar  manner 
as  above.  Since  some  residual  pump  radiation  is  coupled  out 
of  the  FIR  laser  along  with  the  FIR  radiation,  we  remove  any 
CO2  filters  in  front  of  the  FIR  measuring  MIM  and  easily 
perform  the  measurement.  For  regular  pump  lines,  the 
reference  laser  is  set  to  the  same  laser  transitions  as  the  pump 
line,  for  hot  band  and  sequence  lines,  the  closest  regular  line 
is  used  for  the  reference  and  the  difference  made  up  by  a 
microwave  synthesizer.  Our  pump  offset  measurements  are 
reproducible  to  within  2  MHz.  Our  pump  lasers  free  spectral 
range  is  ±  50  MHz  from  line  center,  so  any  offset 
measurements  ^8  MHz  are  very  near  the  edge  of  the  CO2 
gain  curve.  These  are  probably  not  accurate  measurements 
of  the  peak  N2H4  absorption  frequency. 


5v=VnR-  n I Vi  -  V2I  ±  mv„. 

where  5v  is  the  frequency  generated  in  the  diode,  Vfir  is  the 
FIR  laser  frequency,  Vi  and  V2  are  the  CO2  laser  frequencies, 
and  v„  is  the  microwave  frequency.  The  integers  n  and  m  are 
the  mixing  order  of  each  component.  Once  5v  is  measured 
and  the  values  and  sign  of  the  mixing  components  are 
determined,  the  FIR  laser  frequency  can  be  calculated. 
Inguscio  et  al.  describe  this  and  other  frequency 
measurement  techniques  in  ref.  3. 

Amplifying  the  currents  across  the  MIM  diode  junction 
and  observing  them  in  a  spectrum  analyzer  displays  5v.  We 
then  tune  the  FIR  laser  across  its  gain  curve  and  map  out  this 
change  to  the  beatnote  on  the  spectrum  analyzer  using  a  peak 
hold  feature.  The  center  of  this  beatnote  is  then  measured 
with  a  marker  frequency.  Observing  this  beatnote  as  all  four 
frequency  mixed  components  are  changed  gives  the  value 
and  sign  of  n  and  m.  For  all  the  measurements  here  n=l  or  2 


4.  RESULTS 

We  will  present  the  pump  line,  FIR  frequency  and 
wavelength,  optimum  pressure,  relative  su-ength,  relative 
polarizaUon,  pump  offset,  and  reference  to  the  original  work 
known  hydrazine  FIR  laser  lines  pumped  by  a 
cw  C  O2  laser.  The  312.027  |im  line  is  pumped  by  two 
different  CO2  lines,  9P(46)  and  10R(36).  These  two  pumps 
populate  the  same  upper  lasing  level  in  hydrazine  and 
therefore  produce  the  same  FIR  lasing  line.  There  are  also 
five  doublets  from  CO2  laser  pumping  and  one  doublet  from 
N2O  laser  pumping.  The  doublet  separations  vary  from  2.7 
to  10  MHz.  This  doublet  structure  could  be  a  real  property 
of  hydrazine,  as  noted  in  ref.  5  for  the  533.7  pm  line,  or  it 
could  be  an  artifact  of  our  longitudinal  pumping. 

Of  the  162  unique  FIR  laser  lines  obtained  by  CO2 
l^er  pumping,  139  have  been  frequency  measured.  Twelve 
lines  reported  in  ref.  1  have  not  been  frequency  measured,  all 
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but  one  of  these  we  have  never  observed  oscillating.  It  could 
be  that  our  lasers  favor  the  short  wavelength  lines  and  have 
too  much  loss  for  these  higher  wavelengths  or  else  the  lines 
are  misassigned.  Several  other  unobserved  lines  from  ref.  1 
have  been  excluded  from  the  table  or  have  been  assigned  to 
other  pump  lines.  Of  the  17  FIR  laser  lines  obtained  by  N2O 
laser  pumping  12  have  been  frequency  measured.  We  also 
measured  the  frequencies  of  other  three  previously  reported 
laser  lines. 

Figure  1  graphs  the  wavelength  distribution  of  the  CO2 
laser  pumped  hydrazine  lines.  One  hundred  and  eight  of  the 
162  lines  have  wavelengths  less  than  200  pm.  This  is  an 
important  region  for  spectroscopy  and  a  high  density  of  lines 
at  higher  frequencies  makes  hydrazine  an  important 
FIR  lasing  medium.  Of  the  108  lines  below  200  pm,  101 
have  been  discovered  in  our  laboratory.  We  also  pumped 
hydrazine  with  an  N2O  laser  and  discovered  17  new  lines  to 
compliment  the  previously  known  6  lines.®  The  23  total  lines 
will  also  be  presented  here,  by  pump  line,  wavelength, 


<100  100-200  200-300  300-400  >400 

Wavelength  (microns) 


9  Total  I  Our  work  []  Ref.  1-5 

frequency  measurement,  and  calculated  wavenumber. 

Figure  1.  Wavelength  distribution  of  N2H4  FIR  laser  lines 
pumped  by  *^C*02. 


5.  FUTURE  WORK 

We  plan  to  study  the  N2O  pumped  N2H4  system  further, 
looking  for  more  FIR  lines  and  frequency  measuring  as  many 
of  the  lines  as  possible.  Also  with  so  much  information  on 
the  N2H4  FIR  laser  lines,  the  next  obvious  step  is  assigning 
the  upper  and  lower  laser  levels. 
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Abstract 


Recent  developments  in  the  field  of  far-infi-ared,  FIR,  laser  magnetic  resonance,  LMR,  are  reported.  The  wavelength  range 
of  the  techniques  have  been  significantly  extended  to  shorter  wavelengths,  down  to  40  pm.  In  addition,  new  methods  of  generating 
transient  atoms  and  molecules  have  been  developed  New  results  on  fine  structure  transitions  in  atoms  and  ions  will  be  reported.  It 
has  also  been  possible  to  detect  fine  structure  transitions  in  molecules  like  FeR  In  addition,  the  extended  fi-equency  range  has  made 
it  possible  to  detect  vibration-rotation  transitions  in  an  open  shell  molecule  for  the  first  time,  namely  FeDj. 


Introduction 


Lasermagneticresonance(I-MR)wasfirstdevelopedinthefar-infi-ared(FIR)m  1968by Evenson andco-workers[l].  In 

the  experiment,  the  small  mi^atch  between  a  FIR  laser  fi-equency  and  a  transition  in  an  open  shell  (hence,  paramagnetic)  molecule 
can  be  tuned  by  the  application  of  an  external  magnetic  field.  A  change  in  laser  power  at  this  “resonance”  condition  is  detected 
The  im  spectrum  is  therefore  displayed  as  a  fimction  of  the  magnetic  field  for  a  fixed  laser  fioquency.  The  technique  has  veiy  high 
sensitivity,  because  the  sample  is  located  inside  the  laser  cavity.  Many  novel  short-lived  fi-ee  radicals  have  been  detected  in  the  gas 
phase  by  this  approach  [2].  The  technique  has  also  been  applied  very  effectively  in  the  mid-infi-ared  region  [3]. 


Recent  Technical  Developments 

An  essential  requirement  for  a  successful  LMR  experiment  is  that  there  be  a  FIR  laser  line  whose  fi-equency  is  close  to  that 
of  the  molecular  transition  at  zero  magnetic  field  fclose”  is  generally  within  0.3  cm'*  or  1 5  GHz  with  currcnUy  available  magnetic 
fields).  Until  1992,  the  vast  majority  of  LMR  experiments  were  conducted  at  wavelengths  longer  than  100  pm.  There  was  very 
sparse  coverage  of  the  wavelength  region  to  shorter  wavelengths  by  well  characterized  FIR  laser  lines  [4]  At  this  time  the  design  of 
the  transversely-p^ped  FIR  laser  m  the  laboratory  at  NIST.  Boulder.  Colorado,  was  modified  to  promote  the  oscillation  of  short 
wavelength  laser  lines.  The  mteraally  reflecting  Cu  pump  tube,  in  which  the  laser  gas  was  pumped  with  a  CO,  laser  line,  was 
reduced  in  diameter  fiom  50  mm  to  20  mm.  With  this  design,  it  was  much  easier  to  encourage  known  short  wavelength  laser  lines  to 
oscillate;  and  many  new  laser  lines  were  discovered.  As  a  result,  there  is  now  reasonable  good  coverage  down  to  40  pm.  It  should 
be  possible  to  extend  this  coverage  even  further  down  to  about  25  pm. 

Another  important  development  was  tlie  design  and  construction  of  a  new  microwave  discharge  source  [5]  which  has  been 
used  to  generate  detectable  concentrations  of  many  new  atomic  and  molecular  fi-ee  radicals,  including  ions  and  molecules  in  excited 
elcctromc  states.  The  discharge  has  been  designed  so  that  the  plasma  occurs  outside  the  microwave  cavity  where  it  can  be  probed 
directly  with  the  I^  laser  beam.  "Re  ext^al  magnetic  field  used  in  the  LMR  experiment  has  the  desirable  effect  of  “pinching”  the 
discharge  so  that  it  is  more  energetic  within  a  smaller  volume. 


Fine  Structure  Transitions  in  Atom.s 


Atom  spin-orbit  splittings  in  the  first  Uiree  rows  of  the  Periodic  Table  fall  mostly  in  the  FIR  region.  Using  tlie  new 
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microwave  discharge  source,  it  has  been  possible  to  generate  many  atomic  species,  several  of  them  ions,  in  the  FIR  LMR 
qwctrometer  in  sufficient  concentration  that  the  magnetic  dipole  fine  structure  transitions  can  be  detected.  Measurements  of  the 
LMR  spectra  have  enabled  the  values  of  the  fine  structure  splittings  to  be  measured  much  more  accurately.  This  is  important  for 
astrophysical  applications  where  the  transitions  are  used  to  probe  remote  regions  of  space  using  heterodyne  techniques.  In  addition, 
nuclear  hyperfine  splittings  have  been  measured,  many  of  them  for  the  first  time. 


Fine  Structure  Transitions  in  Molecule.s 

The  spm-orbit  splittings  observed  in  molecules  reflect  the  fine  stnicture  splittings  of  their  component  atoms.  Consequently, 
many  molecular  fee  structure  splittings  also  fall  in  the  FIR  region.  The  fee  structure  transitions  in  molecules  often  acquire 
fflgifecant  electric  dipole  intensity  making  them  stronger  than  the  allowed  magnetic  dipole  transitions,  even  thoii^  they  are 
intrinsically  weaker  than  the  pure  rotational  transitions  normally  studied  in  the  FIR  [6].  The  extension  of  the  LMR  technique  to 
shorter  wavelengths  has  allowed  larger  spin-orbit  splittings  to  be  measured  with  greater  sensitivity.  One  example  of  this  is  the 
detection  of  several  fee  structure  transitions  in  the  FeH  radical  in  its  ground  A  state  [7]. 


The  Detection  of  Vibration-Rotation  Transitions 

The  extension  of  fi-equency  coverage  to  higher  values  (up  to  6. 1 5  THz  or  250  cm’')  opens  up  the  possibility  of  detecting 
spectroscopic  transitions  in  open-shell  molecules  which  involve  low  fi-equency  vibrations.  .These  can  be  of  two  types;  Either 
biding  vibrations  of  “normal”  molecules  or  stretching  vibrations  of  weakly  bound  species  such  as  van  der  Waals  complexes.  The 
vibration-rotation  transitions  involved  are  weaker  than  pure  rotational  transitions  but  the  fact  that  they  occur  at  higher  fiaquencies 
increases  the  instrumental  sensitivity  so  that  th^  are  readily  detectable.  During  the  last  year,  we  have  succeeded  in  detecting  lines  in 
the  bending  vibrational  band  Vj  of  the  fi-ee  radical  FeD,  at  226  cm’’.  This  molecule  is  linear  with  a  ground  state  [8]. 
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We  report  analysis  of  gains  and  dispersion  of  optically 
pumped  far  infrared  laser  media  in  a  ring  cavity  that  al- 
iowB  co-existence  of  two  far  infrared  radiation  fields  counter- 
propagating  with  each  other.  The  fer  infrared  radiation  fields 
CO-  and  counter-propagating  with  the  infrared  pump  field  in 
the  cavity  experience  cross-saturated  gain  depending  on  the 
direction  of  propagation.  Results  of  numerical  calculation 
with  relaxation  constants  as  measured  with  photoacoustic 
spectroscopy  are  presented  on  selected  CH3OH  for  infrared 
laser  lines. 


I.  INTRODUCTION 

Gain  and  dispersion  of  a  three  level  system  interacting 
with  two  resonant  radiation  fields  have  attracted  much 
attention  [1,2],  A  lot  of  the  previous  works  focused  on 
optically  pumped  molecular  lasers  was  devoted  to  anal¬ 
ysis  of  the  gain  that  depends  on  direction  of  propagar 
tion  relative  to  the  pump  field.  The  gain  and  dispersion 
of  the  coupled  transitions  were  analyzed  for  a  radiation 
field  traveling  in  the  same  or  the  opposite  direction  to  the 
pump  field.  An  analysis  of  the  gain  for  standing  wave  was 
also  reported  by  Feldman  [3]. 

An  optical-pumped  far  infrared  laser  with  a  ring  cavity 
was  introduced  by  Heppner  [4]  and  bi-directional  output 
from  a  ring  laser  was  reported  |5].  In  general,  two  far 
infrared  radiation  fields  counter-propagating  with  each 
other  may  exist  in  a  ring  cavity.  VUaseca  reported  a 
model  that  allows  two  far  infrared  fields  and  calculated 
gains  by  using  matrix  continued  fraction  expansion  [6]. 
We  have  also  reported  an  alternative  treatment  that  pves 
an  explicit  expression  for  gains  and  dispersion  in  the  pres¬ 
ence  of  two  counter-propagating  far  infrared  fields  [7].  In 
this  contribution,  we  present  gains  and  dispersion  includ¬ 
ing  Raman-type  double  photon  transition  in  the  presence 
of  two  counter-propagating  far  infrared  fields  and  results 
of  numerical  calculation. 


II.  FAR  INFRARED  SUSCEPTIBILITY  AND 
NUMERICAL  CALCULATION 

A  model  with  A-type  level  configuration  in  which  two 
transitions  share  common  upper  level  0  is  adopted.  While 
a  pump  laser  field  couples  with  2-0  infrared  transition, 


two  far  infrared  radiation  fields  couple  with  0-1  transi¬ 
tion.  Both  the  transitions  are  assumed  to  be  inhomoge- 
neously  broadened. 

The  total  radiation  field  is  given  as 

t)  =  \Ap^p  exp  [-*  {Qpt  -  kpz)\ 

+  I  ^  >i*e‘  exp  H  -  ek^z)]  +  c.c.,  (1) 


where  the  first  term  denotes  the  pump  field  propagat¬ 
ing  along  the  z-axis  and  the  second  term  gives  the  far 
infrared,  fields.  The  one  with  e  =  -f-l  is  for  the  co- 
propagating(forward)  field  and  the  other  with  e  =  -1 
is  for  the  counter-propagating(backward)  field  with  re¬ 
spect  to  the  pump  field  Equation  of  motion  of  ensemble 
averaged  population  matrix  p  yields  far  infrared  suscep¬ 
tibility  a±,  ttq:;  Ap,  P)  given  by 


in  stationary-state  where  r^o’s  are  given  by 

r  _  (1~  J22)rfo  + Ji2r|o 

(1  —  Jii)  (1  “  J22)  ^  J12J21  * 

Ton  =  (1  ~  Ju)t^o  -F  *721^*10 

(1  “  Jii)  (1  —  J22)  “  J12J21  ’ 

and  Jij  =  j  =  1,  2)  with  Cy’s  defined  by 


-Z+|Q+p]+y+|/j|2}, 


-fy+r-}, 

C21  = 

7oD  I  72  '  ' 


(2) 

(3) 

(4) 


(5) 

(6) 
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-  ^-|a_|2}  + 

+  Y+X--Z*\a+\^],  (7) 

C,  ^  J^|2^y+y-  +  y+,^_|2 

7oi>  1  72 

+  Y-M},  (8) 


with  Xr±  =  Aj  q:  k^v  +  t7io,  L  =  —Ap  +  kpV  +  *7^, 
iZ±  =  -Ap  +  A±  +  (Ap  T  kt)v  +  fTSi,  D  =  LV+V-  - 
L+r-|a+p  -  L-y+  a_|*,  X=^  =  LR^  -  |a±|2,  y±  = 
L^R^-\P\\Bn6iZ^  =  L^RF-\P\\ 


Resonant  Rabi  frequencies  are  defined  as  = 
/ti2o-<4J/2/i  and  a±  =  iiioA^*l2hy  where  mos  are  ma¬ 
trix  elements  of  the  transition  dipole  moment,  r<o(= 
Pii  —  Ax)»  i  =  1,  2)  and  rfo  are  population  difference  den¬ 
sities  in  the  presence  and  the  absence  of  the  radiation 


fields,  respectively,  and  =  (70 +  7i)/27oi,  where  7* 
and  7<o  are  the  decay  rates  of  the  state  i  and  of  polar¬ 
ization,  respectively.  The  number  density  of  molecules  is 
denoted  by  iV,  Ap  and  As^  are  frequency  detunings,  eo 
is  the  dielectric  constant  of  vacuum,  h  is  Planck  constant, 
and  Bp  and  ef  are  polarization  vectors.  The  average  de¬ 
noted  by  ()  is  to  be  taken  over  the  velocity  distribution 
of  molecules. 

Far  infrared  gains  have  been  calculated  for  far  infrared 
laser  lines  of  OT3OH  pumped  with  CO2  laser.  Table  I 
lists  the  parameters  rdevant  to  70  fxm  line  pumped  by 
the  9  /xm-band  P(34)  lina  The  table  contains  the  de¬ 
cay  rates  measured  with  photoacoustic  spectroscopy  in 
the  optimum  pressure  range  of  operation  of  optically- 
pumped  far  infrared  laser  [8].  Maxwellian  distribution  at 
room  temperature  has  been  assumed  for  molecular  veloc¬ 
ity  distribution. 


III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  calculated  far  infrared  gain  of  the  70 
fjLxn  line  vs  detuning  A,/7o  for  different  values  of  far  in¬ 
frared  intensities  ot±/yo  and  pump  detunings  Ap/70.  The 
directional  anisotropy  of  the  gain  is  due  to  different  ve¬ 
locity  distribution  of  the  excited  molecules  as  seen  by  the 
two  counter-propagating  far  infrared  fields  as  well  as  to 
Raman  type  double  photon  transition. 

The  gain  of  the  backward  field  experiences  stronger 


TABLE  I.  Parameters  used  in  calculation. 


rio 

1.0  X  10-® 

rjo 

1.2  X  10"® 

7o,7it7io 

1.1  X  10®* 

(s  •  Pa)“^ 

7ai720,72i 

0.9  X  10® 

(s  *  Pa)-^ 

l/*io| 

1.2  X  10-®®* 

C  •  m 

IM2o| 

3.5  X  10-®“ 

C  •  m 

“FVom  Ref.  [9] 


cross  saturation  than  that  of  the  forward  one  does,  and 
the  gain  profile  becomes  more  asymmetric  as  the  pump 
detuning  increases.  Therefore,  it  is  necessary  to  take  not 
only  the  forward  wave  but  al^  the  backward  wave  into 
consideration  for  precise  analysis  of  an  optically-pumped 
far  infrared  ring  laser.  Detailed  results  of  calculation 
including  Raman  type  transition  will  be  reported. 

In  conclusion,  we  have  derived  explicit  expressions  for 
far  infrared  gains  of  optically  pumped  far  i^ared  laser 
transitions  in  the  presence  of  two  counter-propagating  far 
infrared  fields,  llie  gain  experiences  strong  cross  satu¬ 
ration  and  its  profile  becomes  more  asymmetric  for  large 
pump  detunings. 


a77o>«.001 


A,^To*5 


t3  ^  t  TO 


FIG.  1.  Forward(8olid  line  curves)  and  backward(dashed 
line)  gains  vs  detuning  for  different  pump  detuning  and  inten¬ 
sities.  CR3OH  70  fjim  line.  Pressure  of  20  Pa  and  /?/7o  =  0.7. 
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ABSTRACT  2.  Lasers  Description 


We  have  used  an  N2O  laser  to  optically  pump  N2H4 
molecules  in  a  far-infrared  cavity  and  observed  17 
nev/  laser  lines  in  the  wavelength  range  93.0  to  374.2 
lim,  the  136.791  p.m  line  pumped  by  10P(16)  being  a 
doublet  .  We  also  measured  the  frequencies  of  the 
laser  lines  by  heterodyne  mixing  of  the  far-infrared 
radiation  with  radiation  from  two  frequency- 
stabilized  CO2  lasers. 

Key  words:  N2H4  ,  far-infrared  laser,  frequency 
measurement,  N2O  pump  laser 

1.  Introduction 

Until  recently  hydrazine  (N2H4)  had  six  far-infrared 
laser  lines  in  the  wavelength  range  200  to  575  |im 
obtained  by  optically  pumping  the  molecule  with  an 
N2O  laser  [1,2].  We  used  an  improved  N2O  laser 
with  extended  coverage  of  frequencies  in  the 
sequence  band  lines  to  pump  molecules  in  the  10  pm 
region  [3],  and  found  17  new  laser  lines  in  the 
spectral  93.0  to  374.6  pm  (3  222  036.901  to  801 
069.677  MHz).  We  measured  the  wavelengths  of  the 
far-infrared  laser  lines  by  longitudinally  moving  one 
of  the  mirrors  of  the  laser  cavity  and  counting  the 
laser  modes  observed,  and  their  frequencies  by 
heterodyne  mixing  of  the  far-infrared  radiation  with 
radiation  from  two  frequency-stabilized  CO2  lasers. 


The  N^O  pump  laser  is  a  1.5  m  long  cavity, 
described  elsewhere  [3],  with  typical  powers  of 
about  5-6  W  operating  in  the  regular  and  sequence 
baiids  lines.  The  FIR  cavity  was  a  rectangular  metal- 
dielectric  waveguide  described  in  detail  elsewhere 
[4]. 

3.  Measurements 

We  determined  the  far-infrared  (FIR)  wavelengths 
by  varying  the  cavity  length  over  about  ten 
wavelengths  and  measuring  the  length  span  with  a 
micrometer.  The  value  thus  obtained  can  be  accurate 
to  about  0.05  mm.  The  FIR  frequency  measurement 
was  accomplished  by  heterodyne  mixing  of  two 
frequency  stabilized  CO2  lasers  with  a  microwave 
frequency  and  the  FIR  radiation  to  be  measured  [5]. 
The  accuracy  in  the  wavelength  estimation  is  enough 
to  select  the  CO2  laser  lines  for  the  heterodyne 
measurement.  The  radiations  are  mixed  in  a  metal- 
insulator-metal  diode  (MIM)  which  is  also  used  to 
detect  the  FIR  radiation  when  searching  for  new 
lines.  A  beat  note  is  generated  in  the  diode,  and  the 
FIR  frequency  is  obtained  by  the  equation 

V  m  =  I  Vi  -  V2  I  ±  mV  wave  ±  V  beat 

(I) 


where  Vi  and  V2  are  the  CO2  laser  frequencies,  v^wave 
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is  the  frequency  of  the  microwave  source,  Vbeat  is  the 
beat  note  frequency,  Vfir  is  the  laser  frequency  to  be 
measured,  and  the  integer  me  is  a  harmonic  number. 
The  frequencies  Vi,  V2  and  v^wave  are  chosen  so  that 

0<  I  Vbeat  I  <1.5  GHz  (2) 

4.  Results  and  Conclusion 

Table  I  shows  the  observed  far-infrared  laser  lines 
pumped  by  an  N2O  laser,  along  with  their  frequency 
measurement,  calculated  wavelength,  calculated 
wavenumber,  and  N26  laser  pump  line. 

These  preliminary  results  have  shown  the  potential 
of  this  new  pumping  laser  in  producing  many  ipore 
far-infrared  laser  lines,  in  hydrazine,  many  with 
wavelength  less  than  150  pm. 
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TABLE  I  -  Frequency  Measurements  of  a  N2H4 
far-infrared  laser  pumped  by  an  N2O  laser 


N20 

Measured  Calculated 

Calculated 

Line 

Frequency 

Wave¬ 

Wave- 

length* 

number* 

MHz 

pm 

cm'' 

iOP(32) 

3  222  036.901  93.044  107.4756 

10R(36) 

98.0 

10P(45) 

2  823  544.529 

106.176 

94.1833 

10R(25) 

2  823  286.972 

106.186 

94.1747 

10P(15)"' 

'  2  631  380.704 

113.930 

87.7734 

10P(26) 

114.4 

10P(24) 

2  485  511.581 

120.616 

82.9077 

10P(16) 

2  191  609.635 

136.791 

73.1042 

2  191  613.732 

136.791 

73.1044 

10P(30) 

1  902  430.289 

157.584 

63.4582 

lOP(ll) 

1  858  872.013 

161.277 

62.0053 

10P(34) 

1  426  180.221 

210.207 

47.5723 

10P(07) 

1  371  481.504 

218.590'’ 

45.7477 

10R(04) 

1  369  893.297 

218.844 

45.6947 

10P(15)" 

1  288  113.660 

232.738 

42.9668 

10P(24) 

237.0'’ 

10P(29) 

241.6 

10R(24) 

257.5 

10P(34) 

1  041  094.216 

287.959 

34.7272 

lOR(ll) 

906  899.814 

330.568'* 

30.2509 

10R(38) 

339.4 

10P(15)' 

801  069.677 

374.240'’ 

26.7208 

10P(28) 

492.4'* 

“  Calculated  from  c  =  299  792  458  m/s 
•*  Previously  reported.  See  reference  1 
,  ,  and^^'  indicate  different  N2O  laser  frequency 
offsets 

Contribution  of  CNPq  and  NIST 
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Abstract 

Active  mode  locking  of  a  p-Ge  hot  hole  laser  (50  —  140  cm“*) 
has  been  achieved  by  electrical  intracavity  modulation  of  the 
gain,  that  results  in  the  generation  of  a  train  of  subnanosecond 
pulses  of  far-infrared  radiation. 

The  feasibility  of  generating  short  pulses  of  far-infrared  radi¬ 
ation  is  investigated  using  active  mode  locking  of  a  hot-hole 
p-Ge  laser,  operating  on  light-to-heavy-hole  optical  transitions 
in  crossed  electric  and  magnetic  fields  [1].  Due  to  their  broad 
gain  spectrum  (50  -  140  cm“‘)  and  their  equidistant  set  of 
modes  [9],  p-Ge  lasers  are  expected  to  be  able  to  generate 
pulses  of  far-infrared  emission  on  a  picosecond  time  scale  [2]. 
As  a  method  to  achieve  active  mode  locking,  it  was  proposed  to 
use  fast  modulation  of  the  population  inversion  of  hot  holes  by 
applying  a  radio  frequency  (RF)  burst  of  a  longitudinal  electric 
field  [3], 

The  present  experimental  study  is  based  on  this  proposal. 
The  active  sample  was  cut  from  a  single  crystal  of  Ga-doped 
Ge  (N^  =  7  X  10’^  cm~^)  in  the  form  of  a  rectangular 
parallelepiped  of  5  x  7  x  49.5  mm^.  TVo  gold  mirrors, 
evaporated  on  quartz  substrates  are  attached  to  the  polished 
ends  of  the  sample  via  10  pm  teflon  films.  Electric  field  pulses 
(1.3  kV/cm,  4  ps)  are  applied  to  ohmic  contacts  covering  the 
lateral  surfaces  of  the  sample.  The  entire  system  is  immersed 
into  liquid  helium  inside  an  optical  cryostat.  The  magnetic 
field  (1.1 1)  is  applied  perpendicularly  to  the  long  sample  axis 
and  perpendicularly  to  the  electric  'field  (Voigt  configuration) 
using  a  room  temperature  iron  core  electromagnet. 

To  achieve  active  mode  locking  the  gain  is  modulated  in  a 
local  part  of  the  active  sample  by  applying  a  longitudinal  RF 
electric  field  ||  B  via  small  additional  electrical  contacts 
close  to  the  output  mirror.  Our  method  of  gain  modulation 
is  based  on  the  strong  dependence  of  the  light  hole  life  time 
on  a  deviation  from  orthogonality  of  the  rq)plied  electric  and 
magnetic  fields.  A  small  electric  field  component  parallel  to 


the  magnetic  field  B  causes  an  acceleration  of  the  light  holes 
along  B  and  their  subsequent  scattering  on  optical  phonons 
decreases  the  population  inversion  [4,  5,  6].  Because  the 
gain  decreases  each  half  period  of  the  RF  field,  which  has  a 
frequency  ~  383  MHz,  the  frequency  of  gain  modulation  is 
ti:  767  MHz,  which  is  chosen  to  be  equal  to  the  cavity  roundtrip 
frequency.  Previous  experiments  using  this  gain  modulation 
scheme  yielded  an  indirect  confirmation  of  the  possibility  of 
actively  mode  locking  the  p-Ge  laser,  but  lacked  the  decisive 
proof  in  the  time-  and  frequency  domain  [7,  8]. 


Figure  1 :  The  mixing  signal  at  the  frequency  767  MHz  with  and 
without  gain  modulation.  Pgp  =  180ty. 

In  this  study,  we  first  used  heterodyne  spectroscopy  [9]  to 
investigate  the  interference  products  of  the  p-Ge  laser  modes 
with  and  without  external  modulation  of  the  gain.  As  a  mixer 
we  used  a  Schottky  diode  detector,  while  a  spectrum  analyser 
was  used  to  analyse  the  output  signal  of  the  mixer  near  the  cav¬ 
ity  roundtrip  frequency  (767  MHz),  i.e.  the  distance  between 
neighbouring  longitudinal  modes.  Without  gain  modulation 
the  mixing  signal  is  rather  weak  and  instable,  because  it  is 
the  product  of  random  interference  of  laser  modes.  With  gain 
modulation  we  obtain  a  strong  and  stable  mixing  signal,  that 
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demonstrates  the  synchronisation  of  the  laser  mode  ptigw-c 
(Fig.l). 

This  corresponds  to  the  forming  of  a  pulse  of  electromagnetic 
field  tunning  through  the  laser  cavity,  that  in  a  time-resolved 
measurement  (Fig.  2)  is  observed  as  a  train  of  subnanosecond 
pulses  of  p-Ge  laser  radiation  with  a  repetition  rate  equal  to  the 
cavity  roundtrip  frequency  (767  MHz). 


Figure  2:  The  output  of  an  actively  mode-locked  p-Ge  hot  hole 
laser,  as  detected  on  the  Schottky  diode  connected  to  a  1  GHz 
bandwidth  oscilloscope 
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tially  supported  by  International  Center  for  Advanced  Studies 
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Problems  of  Realizing  a  Long  Pulse 
Length,  High  Duty  Cycle  p-Ge 
Landau  Level  FIR  Laser 

Paul  D.  Coleman  and  Daniel  W,  Cronin 
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Urbana,  IL  61801 

Numerical  calculations  using  analytical  solutions  of  the  heat 
equation  subject  to  heat  sink  dissipation  limits,  resonator  size 
and  laser  temperature  cut-off  limit  of  26’K  are  presented  to 
determine  laser  pulse  lengths  and  duty  cycles. 

A  series  of  detailed  graphs  point  out  the  problems  that  are 
encountered  in  attempting  to  realize  a  CW  p-Ge  laser  system. 
They  also  provide  design  data  for  future  p-Ge  lasers  and 
optimization  data  for  existing  laser  systems.  The  full  version 
of  this  paper  will  be  found  in  the  June  1997  issue  of 
International  Journal  of  Infrared  and  Millimeter  Waves. 

1.  Introduction 

The  unique  feature  of  the  p-Ge  hot-hole  laser  of  being 
continuously  magnetically  tunable  over  a  3-1  range 
(40-120  cm-1)  is  offset  by  the  short  laser  pulse  (~6  psec)  and 
small  duty  cycle  (-10^)  that  are  realized  in  the  usual  laser 
configurations.  Although  research  on  the  p-Ge  laser  [1]  was 
initiated  over  15  years  ago,  this  laser  pulse-duty  cycle  problem 
has  not  received  any  experimental  attention  until  1996  [2].  To 
the  authors’  knowledge,  this  paper  represents  the  first 
analytical  work  on  the  problem. 

The  basic  problem  challenging  the  realization  of  a  CW  p-Ge 
laser  is  that  of  limiting  the  Ge  bar  temperature  to  20’K  [3]. 
Scattering,  which  increases  with  temperature,  reduces  the  laser 
gain,  quenching  laser  action.  Hence  the  hurdles  that  need  to 
be  addressed  to  achieve  a  possible  CW  p-Ge  laser  can  be 
readily  identified:  1)  heat  sink  dissipation  limits,  2)  p-Ge  bar 
temperature  limits,  and  3)  laser  resonator  size  limits. 

In  the  interest  of  obtaining  analytical  solutions  to  the  heat 
equation  [4],  it  is  assumed  that  Cv  and  K  are  constant  and  that 
Dirichlet  boundary  conditions  exist  This  will  lead  to  the 
numerical  results  and  conclusions  being  optimistic  in  that  a 
CW  p-Ge  laser  will  be  more  difficult  to  realize  than  is 
presented. 

2.  Heat  Sink  Limitations 

Essentially  the  entire  input  excitation  energy  of  the  p-Ge 
laser  must  be  dissipated  in  the  heat  sinks  since  the  laser  is  very 
inefficient.  Hence  the  average  power  P^v  that  must  be 
dissipated  can  be  expressed  as 


Pa V  =  (q  Na  vE)  VD  S  Pq  (watts)  ( 1 ) 

Cooling  the  p-Ge  bar  with  liquid  He  I  limits  Pq  to  less  than 
10  watts,  while  values  of  the  velocity  v  and  field  E  are  the 
order  of  10"^  cm/s  and  103  volts/cm.  Hence,  the  only  two 
parameters  for  the  experimenter  to  adjust  are  the  doping 
density  Na  and  bar  volume  V.  Using  the  values  Pq  =  4  watts, 
Na  =  8  X  10l3/cm3,  E  =  800  v/cm  and  V  =  0.04  cm3, 
Briindermann  et  al.  were  able  to  achieve  a  D  r  10-3.  Cooling 
the  bar  with  He  n  [5]  could  lead  to  larger  values  of  Pq,  but  it 
would  appear  a  challenge  fixim  the  consideration  of  Eq.  (1) 
that  a  factor  of  103  needed  to  make  D  =  1  for  CW  operation 
could  be  achieved.  .  -  _ 

3.  Bar  Temperature  Limitation 

It  does  not  appear  likely  that  an  analytical  solution  of  the 
well  known  heat  equation 

pCv|^=KV2T  +  P  (2) 

can  be  obtained  for  a  p-Ge  bar  since  Cy  and  K  are  functions  of 
T  and  more  importantly  cooling  the  bar  surface  with  LHc  I 
leads  to  varying  boundary  conditions  for  T. 

As  a  first  step  in  estimating  p-Ge  bar  temperatures,  constant 
values  for  Cy  and  K  and  Dirichlet  boundary  conditions  have 
been  assumed  which  then  permit  analytical  solutions  to 
Eq.  (2)  to  be  obtained.  Using  the  formulas  for  T,  numerous 
curves  can  be  generated  using  the  p-Ge  bar  dimensions  a,  b, 
peak  video  pulse  power  density  Pq,  pulse  length  X\  and 
cooling  time  T2* 

If  the  p-Ge  bar  center  temperature  is  limited  to  a  maximum 
temperature  of  20*K,  then  CW  operation  for  Pq  values  of  4. 

8  and  12  kcal/s-cm3  can  only  be  realized  for  bar  dimensions 
a  =  b  less  than  0.42, 0.30,  and  0.25  millimeters,  assuming 
Eq.  (1)  can  be  satisfied.  The  obvious  price  to  be  paid  for 
possible  CW  operation  by  a  severe  reduction  in  p-Ge  volume 
is  the  laser  output  power. 

4.  Resonator  Size  Limitations 

Two  resonator  configurations  arc  presently  used  with  the 
p-Ge  laser:  1 )  a  Fabry -Perot,  and  2)  a  dielectric  resonator  both 
of  which  have  minimum  size  constraints  for  a  given  fre¬ 
quency.  For  a  Fabry-Perot  system,  the  beam  must  be  kept 
away  from  the  ohmic  contacts  to  the  p-Ge  bar  to  avoid  losses 
and  maximize  the  resonator  Q.  This  requirement  leads  to 
values  of  a  =  b  exceeding  0.4  millimeters.  In  the  case  of  a 
dielectric  slab  waveguide  [6]  resonator  model,  the  guidance 
condition  and/or  the  conditions  that  the  rays  must  be  trapped, 
i.e.,  incident  angles  greater  than  the  critical  angle,  lead  to  a  =  b 
values  that  can  exceed  1  millimeter.  Thus  the  laser  resonator 
poses  limitations  on  realizing  a  CW  p-Gc  laser. 
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5.  Conclusions 

®  ^  ^  o“t,  the  prospects 

S  f?r  promising.  The  price  to  be  p2d  will 

^  for  Iks  laser  power.  CooUng  with  He  H  needs  to 

wh^^in  with  possible  Landau  level  heterostructures 
wherein  more  s^ific  excitation  of  the  levels  might  be 
ev  ntinuous  frequency  tuning  via  a  magnetic  field 

Its  appeal  for  a  far  IR  laser  in  spite  of  smafl  duty 
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Abstract 

IR  spectroscopy  of  High-Tc  Superconductors  is 
highly  sensitive  to  frequency,  temperature,  magnetic  field,  and 

has  brought  informations  useful  for  both  applications  and 
theory. 

Introduction 

It  is  well  known  now  that  the  optical  properties  of 
High-Tc  Superconductors  (HTSQ  show  large  variations  in  a 
fi^uency  range  extending  from  microwaves  to  UV,  and  also 
with  temperature,  and  with  the  magnitude  of  a  magnetic  field 
applied  to  the  HTSC.  That  is  especially  appealing  for 
spectroscopists  and  it  is  not  surprising  that  so  many  papers 
have  appeared  for  ten  years  since  the  discovery  of  these 
HTSC. 

Our  purpose  is  to  look  at  the  different  spectroscopic  domains 
with  a  special  emphasize  at  the  Far  IR  where  we  have  some 
experience,  with  perhaps  more  difficult  techniques,  but  an 
easier  modelisation,  and  we  shall  give  some  personal  data  on 
YBaCuO,  the  archetype  of  HTSC. 

I  -  Visible,  near  and  Mid-IR  [1] 

We  shall  define  this  domain  as  the  one  where  bulk 
reflectivity  R*  is  small  enough  to  be  measurable,  e.g.  200 


cm  '  <v  <  10,000  cm''.  A  Kramer’s  Kronig  (KK)  analysis 
gives  directly  the  dynamic  conductivity  o  =  Cj  +  jo2.  The 
electric  vector  of  the  IR  waves  can  be  oriented  parallel  to  c 
(smaller  dc  conductivity),  or  parallel  to  the  ab.plane  In  that 
plane  a.  <  (additional  excitation  of  chains). 

I  - 1  -  Main  experimental  results 

Obviously  a  simple  Drude  model  cannot  work  since 
there  is  not  only  free  carriers  but  also  IR  active  lattice 
vibrations.  A  generalized  Drude  model  has  often  been 
considered  where  the  scattering  dme  x  and  the  effective  mass 
of  the  carriers  m*  depend  on  to.  In  fact,  a  simple  Drude 
contribution  can  be  determined  from  the  study  of  the  Far  IR, 
and  a  Mid-IR  band  added  to  fit  the  spectra. 

For  E  //  c,  dc  conductivity  is  small,  phonons  can  be 
seen,  and  perhaps  a  gap  with  hv,<=  3  k  0,.. 

For  E  //  ab,  Oi  exhibits  a  minimum  at  v  «=  435  cm'' 
where  the  gap  has  been  suspected,  then  at  v  ■=  300  cm''  when 
the  spectral  limit  of  the  commercial  spectrometers  has  been 
extended  to  smaller  frequencies. 

I  -  2  -  Theoretical  models 

The  origin  of  the  Mid-IR  absorption  has  been  much 
discussed,  and  also  the  possibility  of  an  IR  active  gap. 
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n  -  Far  IR  (FIR) 
n  - 1  -  Experimental 

If  we  deHne  the  FIR  spectral  range  by  5  cm"'  <  v  < 
200  cm'',  we  shall  have  for  most  HTSC  at  low  temperature, 
R*  >  99%,  The  KK  method  is  not  feasible,  and  transmission 
measurements  are  needed.  Very  thin  films  are  now  available. 
They  are  deposited  on  plates  of  MgO,  Si  or  LaAlOj  which  are 
more  or  less  transparent  in  the  FIR.  The  film  thickness  can 
be  as  small  as  t  =  200  A,  and  however,  for  0  <  30  K, 
transmission  can  be  smaller  than  1%.  That  is  too  low  to  be 
measurable  with  conventional  FIR  spectroscopy.  New 
monochromatic  sources,  e.g.  FIR  lasers,  have  been  used. 
They  give  a  tremendous  increase  of  luminance  over  the 
classical  mercury  source.  However  interference  inside  the  plate 
supporting  the  HTSC  film  can  modify  the  transmission 
coefficient  by  a  factor  10  to  20.  This  difficulty  has  been 
solved  recently  by  Prof.  Drew.  An  antireflection  coating  for 
internal  reflection  is  possible  [2-7],  without  too  much  loss  of 
radiative  energy. 

Another  possibility  is  too  keep  the  broad  band 
mercury  source  and  increase  the  resolution  of  the  classical 
Fourier  Transform  Spectrometer  in  order  to  see  the  fringes  as 
well  as  possible.  It  has  been  shown  [3]  that  the  fringes 
minima  can  give  directly  the  transmission  Tps  of  the  free 
standing  HTSC  film,  and  the  maxima  the  same  transmisson 
amplified  by  a  factor  n*.  n  being  the  FIR  refractive  index  of 
the  supporting  MgO  or  Si,  or  LaAlOj  plate;  the  Perot-Fabry 
is  used  as  an  optical  amplifier. 


It  is  shown  that  Tps  = 


16  TcV 


From  the  value  of  Tps,  it  is  thus  possible  to  get  the 
penetration  length  d  for  wavelength  X  and  thickness  t.  For  the 
YBaCuO  films  we  have  studied,  the  London  penetration 
length  seems  proportional  to  0*. 


n  -  3  -  A  two-fluid  model 


Different  parameters  have  to  be  considered:  plasma 
frequency,  collision  frequency,  at  least  one  Mid-IR  oscillator, 
and  a  law  to  represent  the  free  carriers  condensation  vs. 
temperature.  Fortunately  they  can  be  fitted  separately.  A  few 
results: 

i)  there  is  no  exponential  law  as  for  classical  superconductors, 
but  a  power  law,  and  it  is  different  for  different  samples. 


There  may  be  a  slow  condensation  with  f. 


,  or  a 


faster  one  with  f„  =« 

ii)  collision  frequency  decreases  rapidly  for  0  <  0^,  and  is 
around  =  2  cm''  at  liquid  helium  temperature. 

iii)  the  contribution  of  the  Mid-ER  oscillators  to  absorptivity 
is  negligible  for  v  <  10  cm''. 


n  -  4  -  Effect  of  a  magnetic  field  [2] 


At  low  frequencies,  transmission  increases.  Vortex 

n  -  2  -  Transmission  of  a  free-standing  film  dynamics  and  cyclotron  resonance  of  the  hole  system  have 

been  recently  observed  [2]. 


For  most  of  the  films  we  have  studied: 
i)  Tp5  oc 


III  -Microwaves 


U)  Tps  seems  unsensitive  to  0  for  0  <  30  K  and  v  <  40  cm  ' 


Microwaves  are  used  for  a  long  time  to  get  the 
optical  constants  n  and  k  ( n  =  n  +  jk),  or  the  surface 
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resistance  of  different  materials,  with  Rj*  «=  lOO  A*;  where 
A*  _  4n  . 

“  +  jj2  j^2  absorptivity.  The 

measurements  are  especiaUy  difficult  for  the  superconductors, 
but  new  methods  have  recently  been  used.  Kinder  et  al.  in 
Munich  have  made  a  resonant  Perot  Fabry  interferometer  with 
two  MgO  coated  with  YBaCuO  as  we  had  done  for  the  Far 
IR.  In  the  case  of  microwaves,  homodyne  detection  is  quite 
easy  at  v  =  1  cm*',  and  they  have  combined  the  well  known 
elegant  methods  of  optics  with  the  powerful  monochromatic 
microwave  sources,  and  the  efficient  methods  of  detection  for 
microwaves.  The  YBaCuO  layers  they  used  are  especially 
thick  (t  =  3000  pm),  transmission  is  only  0.3%  at  its 
maximum  T^,  but  the  width,  Af  «  350  kHz,  of  the  observed 
tninsmission  fringe  is  very  small.  From  T„  and  Af,  a,  and 
are  directly  calculated  without  any  model:  T^  = 

(l  +  Zotq,f  ‘  "  y (ZoWif  P 

=  1, 2, 3  etc.  is  the  order  of  the  resonance.  Zo  the  impedance 
of  vacuum  (377  ohms).  Their  results  are  limited  to  one 
frequency  f  =  35  GHz,  but  the  effect  of  temperature  has  been 
accurately  measured,  and  comforts  the  Far  IR  measurements. 
The  London  penetration  length  ^0)  =  1500  A  for  their  film, 
is  smaller  than  for  ours,  but  a  quadratic  dependence  on 
temperature  is  observed  as  we  have.  The  coUision  frequency  is 
very  low  at  low  temperature  (around  7  cm*'  for  0  =  10  K). 
However,  surface  resistance  is  not  negligible,  even  at  that 
frequency,  and  for  0  =  10  K.  R*,  «  03  x  10*'  ft.  hence  A*  « 

0.3  X  10**.  A  previous  work  by  Bonn  et  al.  [8]  had  led  to 
similar  results,  and  also  showed  that  for  a  single  crystal  Rj 


exhibits  a  bump  at  0  «  40  K,  and  a  linear  variation  of  vs. 
0,  instead  of  0*  for  a  film,  and  no  bump. 

Conclusion 

The  experimental  results  are  just  becoming  to 
converge  after  ten  years  of  research.  No  definite  microscopic 
theory  has  really  emerged  up  to  now. 
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Abstract 

A  four  cavity  W-band  gyroklystroii  amplififtr 
c^riment  is  currently  underway  at  the  Naval  Research 
Latoratoiy.  The  gyroklystron  has  produced  67  kW  peak 
ou4)ut  power  and  28%  efficiency  in  the  mode  with  a  55 
kV,  4.3  A  annular  electron  beam.  The  full  width  half 
maximum  (FWHM)  bandwidth  is  greater  than  460  MHz. 
Small  sign^  and  saturated  gains  of  36  dB  and  29  dB, 
respectively,  have  been  observed.  Experimental  results  are  in 
good  agreement  with  theoretical  predictions. 


Background 

As  evidenced  in  numerous  experiments,  the 
gyroklystron  amplifier,  based  on  the  electron  cyclotron  maser 
instability,  can  reliably  and  efficiently  generate  high  power, 
moderate  bandwidth  electromagnetic  radiation  at  microwave 
and  millimeter  wave  frequencies.  For  example,  a  three  cavity 
C-band  gyroklystron  amplifier  produced  54  kW  peak  output 
power  and  30%  efficiency  in  the  at  4.5  GHz  [1].  The 
saturated  gain  was  30  dB  and  the  IWHM  bandwidth  was 
0.4%.  A  three  cavity  X-band  gyroklystron  achieved  16  kW 
peak  output  power  45%  efficiency  with  a  1%  bandwidth  [2]. 
Fundamental  and  second  harmonic  two  cavity  gyroklystron 
amplifiers  at  9.87  GHz  and  19.7  GHz,  designed  as  drivers  for 
linear  colliders,  achieved  peak  output  powers  of  20  MW  and 
30  MW,  respectively,  with  efficiencies  near  30%  [3,4].  A  two 
cavity  Ka>band  g3a’oklystron,  developed  for  radar  applications, 
produced  750  kW  at  35  GHz  in  the  TE^^,  mode  at  24  % 
efficiency  [5].  In  W-band,  a  pulsed  four  cavity  gyroklystron 
amplifier  achieved  65  kW  peak  output  power  at  26% 
efficiency  with  300  MHz  bandwidth  [6],  A  continuous  wave 
version  of  this  W-band  device  demonstrated  2.5  kW  average 
ouq)ut  power.  The  goal  of  the  present  work  is  to  enhance  the 
bandwidth  of  the  W-band  gyroklystron  amplifier  while 
maintaining  high  efficiency,  peak  output  power,  and  gain. 


where  a  is  the  complex  amplitude  of  the  fields,  A.=Q{Re{o)J- 
•td}/©  is  the  normalized  frequency  shift,  Q  is  the  quality  factor 
of  the  cavity,  ©  is  the  drive  frequency,  is  the  cold  resonant 
frequency,  is  the  beam  current,  is  the  stored  energy,  c  is 
the  speed  of  light,  and  are  the  perpendicular  and  axial 
electron  velocities.  is  the  cold  cavity  electric  field,  and  t  is 
the  nomalized  time,  Q/(0, 

In  the  formulation,  the  cavities  are  modeled  by  a 
series  of  straight  uniform  sections  with  abrupt  discontinuities 
at  tbo  boundaries.  The  fields  in  each  section,  expanded  as  a 
radial  series  of  TE,  7M,  and  TEM  modes,  are  determined 
throu^  a  scattering  matrix  solution  [8].  Theoretical  studies 
have  shown  that  it  is  necessary  to  include  many  modes  in  the 
field  d^ripdon  to  correctly  predict  the  resonant  frequency  of 
the  cavity.  In  order  to  accurately  predict  the  bandwidth  of  the 
amplifier,  the  formuladoh  detailed  in  reference  [7]  was 
modified  to  include  a  frequency  dependent  drive  power,  as 
dictated  by  the  resonant  frequency  and  Q  of  in  input  cavity. 
The  theoretical  model  was  used  to  design  the  interaction 
circuit  and  determine  the  parameters  of  each  cavity,  which  are 
summarized  in  Table  1. 


Design 

Cold  Test 

L 

io 

Q 

u 

Q 

cavity  1 

0.43 

93.00 

125 

- 

« 

cavity  2 

0.50 

93.52 

175 

93.56 

130 

cavity  3 

0.50 

92.89 

175 

93.02 

128 

cavity  4 

0.80 

93.18 

300 

93.21 

299 

Table  1  Summary  of  cavity  parameters. 


Theory  and  Desig;n 

This  paper  presents  an  experimental  study  of  a  four 
cavity  W-band  gyroklystron  amplifier  operating  in  the  TE^„ 
mode  near  the  ftindamental  cyclotron  frequency.  The  circuit 
consists  of  a  drive  cavity,  two  idler  cavities,  and  an  output 
cavity.  The  circuit  was  designed  with  a  time-dependent  version 
of  the  nonlinear  code  MAGYKL  [7].  The  wave  equation  is 
given  by 


The  drive  power  is  coupled  into  the  circuit  through  a 
coaxial  cavity  [9].  A  single  cylindrical  waveguide  excites  the 
TE^„  mode  of  the  outer  cavity.  Power  is  then  coupled  from  the 
TE^ii  mode  in.  the  outer  cavity  to  the  TE^,„  mode  in  the  irmer 
cavity  through  four  slots  positioned  symmetrically  around  the 
azimuth  of  the  cavity.  The  coaxial  cavity  was  analyzed  with 
the  High  Frequency  Structure  Simulator  (HFSS)  and  found  to 
have  a  resonant  frequency  of  93.0  GHz  and  a  diffractive  Q  of 
150.  HFSS  simulations  also  show  that  75%  of  the  energy  is 
stored  in  the  TE,„  mode  and  25%  is  stored  in  the  inner 
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cavity  mode.  ThiK,  6  dB  of  drive  power  arriving  at  the  input 
cavity  is  stored  in  the  outer  cavity  ,  and  is  not  available  for 
interaction. 

Because  the  second  and  third  cavities  are  terminated 
by  drrit  sections  that  are  cut-off  for  the  TE^,,  mode  at  93  GHz. 
the  dif&active  Q’s  are  quite  large.  "Ihe  design  Q’s  of  175  are 
achieved  through  dielectric  loading  of  the  cavities.  .Small 
annular  rings  of  80/20  BeO/SiC  are  placed  on  one  end  wall  of 
each  idler  ravity.  The  outyut  cavity  consists  of  a  0.8  cm 
straight  section,  followed  by  an  iris  which  is  cutoff  to  the  T^,,, 
mode  at  93  GHz,  and  a  5  degree  linear  uptaper  to  the  collector 
radios.  The  wave  is  coupled  out  dif&actively  and  there  is  no 
ceramic  loading  the  outyut  cavity.  The  first  and  second  cut-off 
drift  lengtiis  are  loaded  only  by  the  dielectrics  on  the  upstream 
end  walls  of  flie  idler  cavities,  and  the  drift  length  separating 
the  penultimate  cavity  and  outyut  cavity  is  unloaded. 


Experimental  Results 

The  circuit  was  built  and  cold  tested  on  a  vector 
network  analyzer.  The  cavities  were  excited  and  sampled 
through  two  0.075  cm  diameter  holes  positioned  180  degrees 
apart  in  the  side  wall.  The  transmission  spectra  for  the  idler 
and  outyut  cavities  are  shown  in  Fig.  1  and  the  measured 
resonant  frequencies  and  Q’s  are  summarized  in  Table  1. 


cavity  tapers  up  to  the  collector,  which  is  followed  by  a  quartz 
vacu^  wmdow.  A  conically  shaped  water  load  is  positioned 
on  the  atmosphere  side  of  the  vacuum  window.  The 
temperature  rise  of  the  water  is  used  to  measure  the  average  rf 
power.  The  fi^quency  of  the  input  and  outyut  rf  signals  are 
meas^  with  a  spectrum  analyzer.  The  drive  power  is 
supphed  by  a  1  kW  peak  power  EIO,  which  is  mechanically 
tunable  from  approximately  92.5  GHz  to  95.5  GHz.  The  EIO 
provides  pulses  up  to  2  microseconds  in  duration  with  a  duty 
cycle  up  to  1%.  The  beam  and  EIO  are  typically  pulsed  at  250 
Hz  for  an  rf  duty  cycle  of  0.05%. 


91  91.5  92  9Z5  93  93J  94  94J  95 


Frcqucocy  (GHz) 

Figure  1  Cold  test  transmission  spectra  for  cavity  2  (dashed- 
dot  line),  cavity  3  (dashed  line)  and  cavity  4  (solid  line). 


Upon  completion  of  the  cold  test,  the  circuit  was 
installed  in  the  test  stand.  Figure  2  shows  a  schematic  of  the 
gyroklystron  amplifier  experiment  A  4  A.  55  kV  annular 
elytron  beam  is  product  by  a  double  anode  magnetron 
injection  gun.  The  magnetic  field  at  the  cathode  cm  be  varied 
with  a  small  gun  coil  to  control  the  beam  velocity  ratio,  a. 
The  beam  is  adiabatically  compressed  as  it  enters  the  region  of 
high  magnetic  field  generated  by  the  4  T  superconducting 
ma^et  The  four  cavities  of  the  gyroklystron  circuit  are 
positioned  in  a  region  of  constant  magnetic  field.  The  output 


Figure  2  Schematic  of  the  experimental  test  stand. 


Figme  3  shows  the  measured  and  predicted  Output  power 
and  efficiency  as  a  function  of  frequency  for  the  amplified 
TEj,,  mode.  A  peak  saturated  outyut  power  of  67  kW, 
corresponding  to  28%  efficiency,  was  achieved  with  a  55  kv' 
4.3  A  electron  beam.  The  FWHM  bandwidth  is  greater  than 
460  MHz.  The  input  power,  measured  at  the  output  of  the 
EIO,  was  87  W,  which  gives  29  dB  saturated  gain.  For  the 
theory  curve  in  Fig.  3,  the  experimentally  determined  values  of 
cold  resonant  frequencies  and  Q’s  for  the  idler  and  output 
cavities  were  used.  The  HFSS  predictions  of  the  drive  cavity 
resonant  frequency  and  Q  were  assumed.  The  experimental 
values  of  beam  voltage,  beam  current,  and  magnetic  field  in 
the  interaction  circuit  were  used.  The  beam  a  was  taken  to  be 
1.5,  and  the  perpendicular  velocity  spread  was  assumed  to  be 
9%,  values  that  were  obtained  through  a  combination  of 
modehng  and  empirical  determination.  As  shown  in  Hg.  3, 
the  theoretical  predictions  are  in  good  agreement  with 
experimental  data. 

limting  oscillation  in  the  circuit  was  found  to  be  the 
TEj„  operating  mode  in  the  output  cavity.  The  start  oscillation 
current  was  measured  and  the  results  are  shown  in  Fig.  4.  The 
measured  data  points,  indicated  by  the  filled  circles,  are 
compMcd  with  the  theoretical  start  current,  shown  with  the 
solid  line.  In  the  theory,  the  measured  values  of  beam  current, 
cold  resonant  frequency,  and  cold  cavity  Q  were  used.  The 
beam  a  was  taken  to  be  1.5,  and  the  perpendicular  velocity 
spread  was  assumed  to  be  9%.  As  shown  in  Fig.  4,  the 
experimental  data  and  theoretical  predictions  are  in  good 
agreement.  ^ 
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Figure  3  Measured  values  (filled  circles)  and  theoretical 
predictions  (solid  curve)  of  peak  output  power  and  efficiency. 


Summary 

In  summaiy,  a  four  cavity  W-band  gyroklystron 
amplifier  circuit  was  designed,  built,  and  tested.  Peak  ou^ut 
powers  of  67  kW,  corresponding  to  28%  efficiency,  were 
achieved  in  the  mode  with  a  55  kV,  4.3  A  electron  beam. 
The  FWHM  bandwidth  is  greater  than  460  MHz.  The  small 
signal  and  saturated  gains  are  36  dB  and  29  dB,  respectively. 
The  circuit  is  zero  drive  stable  and  the  limiting  oscillation  is 
the  TEj„  operating  mode  in  the  output  cavity.  The 
experimental  data  is  in  good  agreement  with  predictions  of 
theory  using  calculated  values  of  beam  velocity  ratio  and 
velocity  spread.  Future  experiments  will  focus  on  inr-i-ftaging 
bandwidth  through  more  aggressive  stagger  tuning  and 
reduced  outyut  cavity  Q. 
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Figure  4  Measured  values  (tilled  circles)  and  theoretical 
prediction  (solid  curve)  for  start  oscillation  current  of  the  TE,,, 
mode  in  the  outyut  cavity. 
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Abstract  Introduction 

In  wideband  coherent  radar,  where  coherent 
processing  times  may  be  from  a  few  to  hundreds 
of  milliseconds,  the  amplifier  requirements  of 
high  average  power,  low  phase  noise,  and  large 
instantaneous  bandwidth  are  of  paramount 
concern.  For  the  radar  program  initiated  by  the 
NRL  Radar  Division,  the  center  frequency  of  94 
®Iz  has  been  chosen  over  other  millimeter  wave 
frequencies,  and  the  requisite  average  power  has 
been  set  at  10  kW.  Tbe  ulUmate  goal  for. 
instantaneous  bandwidth  is  in  the  2-3  GHz  range- 
a  reduced  bandwidth  of  600  MHz  has  been  set 

as  the  goal  for  the  first  amplifier.  This  goal  for 
power  represent  a  significant  increase  over  the 
existing  capability  of  coupled-cavity  TWT 
tecimology.  ‘nierefore  gyroamplifier  technology 
IS  the  appropriate  solution  to  this  requirement 
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High  power  millimeter  wave  rad^  is  of  interest 
for  a  variety  of  applications,  including  high 
resolution  imaging,  precision  tracking,  and  cloud 
physics  studies.  A  focused  development  effort, 
led  by  the  Vacuum  Electronics  Branch  of  the 
Naval  Research  Laboratory,  is  presently 
underway  with  the  objective  of  developing  a  high 
average  power  proklystron  amplifier  for  radar 
applications.  This  team  effort  includes  members 
from  U.S.  industry  (CPI  and  Litton),  university 
researchers  (U.  of  Maryland),  and  NRL  research 
staff,  and  is  directed  towards  the  development  of 
an  80  kW  peak  power  94  GHz  gyroklystron 
amplifier  capable  of  operation  at  an  average 
power  of  10  kW.  A  millimeter  wave  radar  which 
will  utilize  this  gyroklystron  amplifier  is 
presently  under  construction  by  the  NRL  Radar 
Division. 


Amplifier  Design 

The  present  amplifier  is  designed  to  opnnte  at 
the  fundamental  of  the  cyclotron  frequency.  The 
advent  of  ciyogen-fr’ee  superconducting  magnet 
technology  will  facilitate  the  application  of 
gyroamplifiers  operating  at  the  fundamental  of 
the  cyclotron  firequency  in  field  deployable 
systems.  Consequently,  the  large  coupling 
impedance  associated  with  low  order  modes 
interacting  with  the  beam  at  the  fundamental 
cyclotron  frequency  can  be  realized,  thus 
yielding  high  instantaneous  bandwidth. 

With  the  emphasis  on  high  average  power  and 
moderate  bandwidth  for  the  first  amplifier,  a 
four-cavity  gyroWystron  amplifier  has  been 
designed.  This  solution  represents  the  best 
fastwave  amplifier  technology  for  high  average 
power,  with  the  required  600  MHz  bandwidth. 
Higher  bandwidth  gyroamplifiers,  such  as  the 
gyrotwystron  and  the  gyro-TWT  are  attractive 
options  for  the  subsequent  development  effort  In 
gyroklystrons,  moderate  bandwidths  may  be 
obtained  by  stagger  tuning  of  the  cavities.  The 
circuit  for  the  four-cavity  gyroklystron  has  been 
designed  in  order  to  maximize  bandwidth.  In  the 
present  design,  a  bandwidth  of  more  than  700 
MHz  is  predicted  by  the  MAGYKL  computer 
®®de.  The  stagger  tuned  cold  resonant 
frequencies  and  Q  factors  of  the  cavities  are 
tabulated  in  Error!  Reference  source  not 
found..  The  beam  induced  frequency  shift  is  to 
higher  frequency.  The  drive  cavity  achieves  good 
excitation  of  the  TEqi  mode  via  a  coupling 
scheme  which  udlizes  an  outer  TE41  coaxial 
cavity  for  uniform  excitation  of  the  TEqi  through 
magnetic  coupling  via  four  apertures  in  the 
common  wall  of  the  cavities. 


Cavity 

Cold  Freq. 

Qt 

Drive  Cavity  f1) 

93.41 

126 

Cavity  (2) 

94.21 

175 

Penultimate  (3) 

93.28 

175 

Output  Cavity  f4) 

^  93.89 

162 

Fig.  1  Design  values  for  cavity  cold  resonant 
frequencies  and  Q-factors  for  four-cavity 
gyroklystron 


The  electron  gun  for  this  amplifier  is  of  the 
magnetron  injection  gun  type,  designed  to 
operate  at  65  kV  and  6  A  peak  current  This  gun 
is  reported  on  in  detail  elsewhere'. 

The  overall  amplifier  design  is  summarized  in 
Fig.2.  The  details  of  this  circuit  design,  and  in 


particular  the  details  of  the  drive  cavity  design 
are  described  in  a  companion  paper  in  these 
proceedings*.  Recent  highly  successful 
demonstration  of  a  67  kW  W-Band  gyroklystron 
by  NRL*,  reported  in  this  conference,  adds 
confidence  to  the  design  methodology  employed 
in  this  development 


Parameter 

Design 

Value 

Frequency 

94  GHz 

Operatinq  Mode 

TEoti 

Peak  Power 

80  kW 

Averaae  Power 

10  kW 

Max.  Beam  Duty  Factor 

15% 

>600  MHz 

Drive  Power 

40  W 

Cathode  Voltage 

-65  lev 

Mod^node  VoKaqe 

-47  kV 

Peak  Current 

6A 

Fig.  2  Design  Parameters  for  94  GHz  Gyroklystron 


Conclusions 

A  high  power  W-band  gyroklystron  amplifier  has 
bwn  designed  and  is  presently  being  fabricated. 
High  j^wer  testing  of  this  amplifier  is  scheduled 
to  begin  in  late  1997,  with  delivery  in  mid  1998. 
When  successful,  the  present  gyroklystron  will 
represent  the  highest  average  power  amplifier  in 
existence  in  this  frequency.band. 
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„  .  Abstract 

fo^mnents  on  tw<wawty  and  thi^vity  gyroklystron  amplifiers  are  underway  to  demonstrate  140  kW  35  GHz  coherent 

experiments  on  the  two-cavity  gyroklystron  show  an  efficiency  of  32%  (power  -  130  kWl  a 
bandwidth  of  0.4%,  and.  Mtui^  gain  of  22dB.  Eapemnontal  r4ilts  am  modaaBly  “SSinaM  SeficOoi^ 
no^near  simiilaoons.  Calculationa  also  show  that  a  stagger  toned  three  cavity  circuit  Increases  the  bandwidth  to  more  than 


1.  TWO-CAVITY  GYROKLYSTRON  AMPLIFIER 

MArvCT^rn'®^  ^  ‘“^e  signal  non-linear  time-dependent  gyroklystron  code 

MAGYKL  [1],  A  high  power  electron  beam  is  produced  fi-om  magnetron-injection-gun  (CPD  which  is  ontimallv  ftfacirm  h 

for  TEoic^Iindricalcavity  modecoupling  at  fimdamental  beam  cyclotron 

compressed  through  a  high  magnetic  field  of  13.2kG  which  is  powered  by  a  14  coil  superconducting  matmft  Tn™?t  «  J 
output  <»vity  dimensions  and  a  drift  tube  length  are  optimized  for  maximum  efficiency  at  70kV  6A.  a=l  5  and  a  beam 

modulator  problems,  all  the  expj^nl  are’ ^rfo^ed 
6.72A.  ^  electron  trajectory  code,  EGUN  predicts  an  axial  velocity  spread  of  10%  at  60kV,  6  72A.  and  cx=l  5 

than  modulation  is  injected  through  a  coaxial  coupler  [2].  The  TEqi  mode  purity  is  more 

tnan  99%  in  the  central  cavity.  The  coaxial  input  coupler  is  also  attractive  because  of  a  nnrf  u 

fabSd^S?  ®  inpuuoupler  is  des^^id 

fabneated.  Cold-test  shows  Q  of  188  and  resonant  frequency  of  34  89GHz  ^  ^ 

uptapi?:e^rsj:?sXhSit^^^^^^^^^ 

“Sing  HFSS.  An  1.5"  diameter,  half-wavelength  thick  BeO  window 
w^ch  IS  braz^  directiy  mto  fte  conflat  flange  shows  an  rf  match  better  than  -25dB  over  3.7%  band^dth  (34  3-35  6GHz) 

S4r„^h^»rcpi^sr.y‘^:,^“  “•  ~  i-Sr. 

pn,i  ”“8®  (80%  BeO,  20%  SiC)  with  different  radii  are  inserted  in  the  drift  tube  between  the  input  cavitv 

vh?  ^  osculations.  In  addition,  a  beam  tunnel  between  the  input  cavity  and  election  gun  is 

^  coUector  (1.5"  diameter)  is  made  of  copper  fo^  good  hLt  conductiom^ith 

heater  power  Md  RF  power  driven  by  a  conventional  TWT  and  a  high  power  EIO.  The  power  calculations  ohr^inp^^’  ^ 
temp^ture  differen^  be^een  inlet  and  outlet  thermistors  submerged  in  octanol  agree  within  ±  5%  for  both  calibration 

»?rStol7rfp'£‘sh^"  *®  measurement 

Maximum^wer  is  obtained  with  -0.7%  downtaper  of  the  magnetic  field  in  the  outout  cavity  region  Figure  1  shows 

f  “  i“P“t  drive  power,  at  34.942GHz.  This  result  fr  compied  with  non-lineal  c^e 

simulations  for  vanous  beam  axial  velocities.  The  maximum  efficiency  is  measured  at  21+77  rnrr,.cr>«nvi- 
?  and  compaml 

2.  vMthcmgh  the  peak  efficiency  is  lower  than  the  predicted  value,  the  measured  bandwidth  of  04%  (MOMHt^  n<rr»>c  ^ 
weU  w.ft  aimuMoas.  •lb.  diacrepaacy  b.tw«,„  ft.  .xp.rim.nts  mtd  ft^^.  is  Lk  rf  s.  r 

^culation  of  output  cavity  field  when  beam  is  present  and  improper  modeling  of  the  beam  veWhv  dist^hmio  ^  ! 

^e  present  Code  assumes  a  flat-top  velocity  distribution.  The  beam  loaded  frequency  upshift  is  also  ohsfrvp/t  " 

Rgure  2.  There  is  a  70MHz  upshift  (0.2%)  with  respect  to  the  cold  resonance  frequency  which  is  in  good  agr^rnf-n^^  fh 
code  prediction.  The  self  consistent  gyrotron  oscillator  code.  MAGY  [5],  has  S:ently ’been  modifiS^r  Sro-amplifiS 
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simdations.  Differently  from  the  MAGYKL  code,  MAGY  self-consistently  solves  for  the  axial  field  nmfiu  in  *u 

cfBciency  is  achieved  just  below  the  starting  oscillation  point  which  is  in  the  region  of  negative  beam  loadintr  in  tv.  ^ 

From  &e  comparison  with  calculated  threshold  currents  for  different  a,  beam  a  is  estimated  to  be  1  5  which  ic  rn 
with  the  value  obtained  from  EGUN  code  simulation.  ueam  a  is  estimated  to  be  1.5,  which  is  consistent 

2.  THREE-CAVITY  GYROKLYSTRON  AMPLIFIER 

3.  ACKNOWLEDGMENTS 

The  work  is  supported  by  the  Office  of  Naval  Research.  The  authors  would  like  to  acknowledge  technical  anH  -  • 

support  from  G.  Longrie,  B.  Myers,  L.  Malsawma,  F.  Robertson,  and  B.  SobociSw  ®  engineenng 

REFERENCES 

[1]  P.  Latham,  W.  Lawson,  and  V.  Irwin,  IEEE  Trans.  Plasma  Sc.  22,  p.  804  1994. 

[2]  A.  H.  McCurdy,  J.  J.  Choi,  and  W.  Manheimer,  in  this  conference. 

Hi  Structure  Simulator,  Version  4.01,  Hewlett  Packard  Co.  and  Ansoft  Co 

[4]  W.  G.  Lawson,  IEEE  Trans.  MTT,  38(11),  pp.1617-1622, 1990. 

[5]  S.  Y.  Cai,  eL  al.,  InL  J.  Electronics,  72(5-6),  pp.759-777,  1992. 


0  0.2  0.4  0.6  0.8 

Input  power  (kW) 

Figure  1.  Experimental  results  on  the  drive  curve.  Drive 
curves  from  MAGYKL  simulations  are  Avz/vz=10%,  15%, 
17%,  and  20%.  The  dashed  line  is  from  MAGY  simulations 
at  Avz/vz=10%. 
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Figure  2.  Large  signal  bandwidth  measurement.  Note  the 
be^  loaded  frequency  upshift  by  70MHz  with  respect  to 
cold-cavity  resonant  frequency  at  34.89GHz. 
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Abstract 

A  wide  bandwidth,  high  average  power  W-band 
gyroklystron  amplifier  is  currently  undn  cooperative 
development  by  NRL,  Litton  Electron  Devices,  and 
Communication  and  Power  Industries.  The  amplifier  circuit 
is  comprised  of  4  stagger-tuned  cavities  operating  in  the 
fundamental  TEqh  circular  cavi^  mode.  The  input  coupler 
is  the  first  cavity  of  the  circuit  and  must  exhibit  leason^le 
coupling  stren^  between  the  TEto  mode  in  rectangular 
waveguide  and  the  desired  TE^,t  ciradar  cavity  mode  over  a 
better  than  600  MHz  bandwidth  centered  at  93.4  GHz,  with 
high  TEqi  mode  purity.  A  single  WR-8  rectangular 
waveguide  drives  a  combined  coaxial/cylindrical  cavity 
system.  The  coaxial  cavity  resonating  in  the  TE411  mode  is 
tightly  coupled  to  the  cylindrical  cavity,  excited  to  resonate 
in  the  TEgi,  mode.  The  rf  magnetic  field  couples  the 
cavities  through  4  azimuthally  spaced  apertures. 

Introduction 

Single  aperture  excitation  of  the  TEoi  mode  with 
high  mode  purity  is  difficult  in  a  low  Q  cylindrical  cavity. 
The  logical  step  of  splitting  the  excitation  into  several 
azimuthally  s^arat^  apertures  introduces  a  ‘plumbing’ 
complexity  to  precisely  split  the  source  power  with  the 
appropriate  amplitude  and  phase.  However,  the  amplitude 
and  phase  splitting  can  be  accomplished  via  an  intennediate 
coas^  cavity  [1,2].  In  the  design  discussed  below,  this 
coaxial  cavity  resonates  in  the  TE411  mode,  and  is  tightly 
magnetic^y  coupled  to  the  cylindrical  cavity  via  4 
rectanguliff  apertures,  equally  spaced  azimuthally.  The 
coupling  apertures  arc  orient^  45*  with  respect  to  the 
single  WR-8  rectangular  drive  waveguide. 

Generally,  a  reduced  geometry  utilizing  symmetry 
considerations,  without  taper  and  drift  tube  dielectric  was 
modeled  (see  Fig.  1).  Modeling  tools  include  HESS  (High 
Frequency  Structures  Simulator)  from  HP  [3]  and  ARGUS 
from  SAIC  [4].  HFSS  is  a  finite  element  code  that 
computes  field  distributions  and  S-parameters  for  passive 
3D  structures  at  a  driven  frequency.  Material  properties  can 
be  included.  ARGUS  is  a  3D,  volumetric  simulation  model 
for  systems  involving  electric  and  magnetic  fields  and 


charge  particles,  including  the  capability  to  embed 
materials  in  the  simulation  region,  with  either  time-  or 
fiequency-domain  operation. 


Figure  I;  Schematic  of  one  quarter  of  input  coupler 
geometry.  Vacuum  regions  are  shown. 

The  cylindrical  cavity  radius  and  length  are 
approximately  set  by  gyroklystron  performance  calculations 
that  determine  the  resonant  frequency  and  Q  of  all  cavities. 
Additionally,  the  wall  thickness  between  the  cylindrical  and 
coaxial  cavities  is  fixed  at  10  mils  for  mechanical  strength. 
This  sets  the  inner  radius  of  the 
coaxial  cavity.  For  the  initial  simulation,  the  remaining 
cx>axial  cavity  dimensions  are  chosen  so  that  the 
unperturbed  resonant  finequency  is  the  desired  resonant 
frequency.  The  aperture  width  and  height,  coax  cavity  length 
and  outer  radius  are  adjusted  to  achieve  the  desired  (cold) 
frequency  and  Qext  93.4  GHz  and  150,  respectively,  with 
better  than  90%  TEqi  mode  purity.  Large  apertures  are  used 
in  this  desi^  for  tight  coupling  between  the  cylindrical  and 
coa;^  cavities.  They  are  rectangular  for  simulation  and 
fabrication  convenience. 

Simulation  Methodology 

Both  HFSS  and  ARGUS  were  used  with  various 
methods  of  solution  to  model  many  issues  concerning  the 
input  coupler,  including  resonant  ftequencies,  modes,  Q*s, 
resistive  loading,  mode  purity,  parameterization,  and 
manufacturing  tolerance.  In  particular,  ARGUS  and  HFSS 
were  used  to  model  the  Q  and  resonant  frequency  for  the 
operating  mode  of  the  input  coupler,  as  a  means  of 
benchmarking  code  performance  for  the  coupler 
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simulations.  Excellent  agreement  was  achieved  between  the 
two  codes,  where  accui^  exceeding  0.1%  was  predicted. 

Several  techniques  were  employed  with  HFSS  to 
wtermme  the  resonant  frequency  and  Q  of  the  TEqi  nwfa 
in  the  cylindrical  cavity.  As  a  first  approximation,  the 

stored  electric  field  energy  (proportional  to  lEI^)  was 
mtegrated  over  the  cavity  and  drift  tube  volumes  when 
oiwn  through  the  drive  port  at  several  fiequendes. 
nequency  ^  Q,  are  determined  flora  die  peak  and  ‘half- 
enCTgy’  points.  A  second  method  'de-onbeds*  Sn  at  die 
drive  port  to  find  the  ‘detuned  short’  position.  The  resonant 
fie^ncy  and  Q  are  calculated  fi-om  the  phase  of  die 
reflection  coefficient  HFSS  has  also  been  usdl  to  model  a 
transmission’  measurement  by  launching  the  TEqi  mode 
u  Ae  cylindrical  cavity  by  evanescent  coupling  through  the 
drift  tube  and  ‘receiving’  at  the  rectangular  port 

Resonant  fiequencies  and  Q’s  in  ARGUS  ate 
determined  from  a  variation  of  the  ‘detuned  short’  method 
due  to  Kroll  and  Yu  [5,6].  Also,  both  HFSS  and  ARGUS 
were  used  to  estimate  the  mode  purity  of  the  TEqh  circular 
cavity  mode  [7]. 


Simulation  Results 

Performance  of  the  input  coupler  is  fljund  usins 
teth  HFSS  and  ARGUS  to  be  quite  sensitive  to 
dimensions,  in  particular  slot  length  and  cylindrical  cavity 
radius.  Note  that  a  0.0006  cm  change  in  radius  shifts  the 
rKonant  flequency  by  -200  MHz.  It  is  important  that  the 
slot  angular  orientation  be  within  -1®  of  45®  with  respect  to 
^  mput  waveguide.  A  1®  slot  rotation  increases  /  by  -  20 
Md  reduces  Q  by  3%.  A  5®  slot  rotation  increases /  by 
I  reduces  Q  by  30%.  A  flequency  and  Q  within 

+/- 100  MHz  and  +/-  50,  respectively,  of  the  design  values 
are  acceptable  from  overall  circuit  performance 
considerations. 

For  the  final  design,  the  best  compromise  between 
couphng  strength  and  bandwidth  was  achieved  by  ‘stagger 
mning  the  cylindrical  and  coaxial  cavities.  Hie  resonant 
^uency  of  the  coaxial  cavity  was  sufficiently  higher  than 
th^lmdrical  cavity  that  only  -  10%  of  the  combined 
stored  energy  is  in  the  coaxi^  cavity  ov«  the  nominal 
operatmg  frequency  range.  For  the  final  cavity  dimensions, 
mcludmg  stagger  tuning,  HFSS  and  ARGUS  are  in  close 
agreement,  as  shown  in  Table  1. 


Simulation 

HFSS  (base  case) 
HFSS  (w/taper, 

dielectric) 

_ARGUS  (base  case) 


The  calculated  TEqi  mode  purity  is  shown  flom 
^th  (^es  to  be  greater  than  96%  over  a  600  MHz 
bandwid*.  The  ohmic  Q  for  the  coupler  is  about  715, 
^ing  7.^  S/m  for  Ae  conductivity  of  stainless  steel  in 
w-bMd.  This  conductivity  is  based  on  cold  tests  of  simole 
cavities.  ^ 


Resonant 

freanency 

Q 

93.468  GHz 

149 

93.467  GHz 

136 

93.477  GHz 

157 

Cold  Xost  Results  •  Suniinury 

^  protoppe  input  coupler  was  constructed  for 
testing.  For  the  dimensions  of  this  coupler,  the  calculated  f 
Qext  are  approximately  93.14  GHz  and  110  GHz^ 
rwpwtively,  without  wall  resistivity.  Based  on  other 
simulations  with  resistivity  included,  we  expect  /  and  qJ 

to  be  93.1  GHz  and  95,  respectively.  Note  that  not  all 
pensions  were  available  for  simulation  purposes,  so  that 
there  is  some  uncertainty  in  these  values. 

8<fnr'  fleqiMncy  measured  with  a  HP 

JSteLSfSofi “  transmission 
S  and  92.96  GHz  m  reflection  mode,  in  good  agreement 

wth  predicbons,  although  the  test  set-up  is  less  Sldeal 
Power  IS  mj^  mto  the  drive  port  and  a  fraction  of  the 
power  radi^d  from  the  drift  tube  is  sampled  with  a  WR8 
wavegmde  for  transmission  mode  measurements.  Qtotal 
measured  in  t^smission  mode  is  117,  which  implies 
Qext  ~  14()  if  Qohm  is  715.  More  accurate  comparisons 
w^een  simulation  and  measurement  will  be  made 
following  modifications  in  the  measurement  hardware. 
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Abstract 

Phase  stability  of  RF  sources  is  of  interest  for 
many  applications  including  radars,  communica¬ 
tions,  and  particle  accelerators.  A  study  of  the  ef¬ 
fect  of  fluctuations  in  gyrotron  extrinsic  parameters 
such  as  beam  and  mod-anode  voltages,  beam  cur¬ 
rent  and  magnetic  fields  on  radiation  linewidth  has 
recently  been  performed  for  free-running  and  phase- 
locked  gyrotron  oscillators  [1,  2].  In  the  present  pa¬ 
per  a  similar  theory  is  developed  for  multi-cavity  gy¬ 
roklystrons.  A  numerical  study  of  this  effect  is  done 
for  a  four-cavity,  94  GHz  gyroklystron  which  is  under 
development  at  the  Naval  Research  Laboratory. 

Introduction 


this  field.  This  susceptibility  x  depends  on  a  num¬ 
ber  of  normalized  parameters  uj  adopted  in  the  gy¬ 
roklystron  theory,  which,  in  their  turn,  depend  on 
the  extrinsic  parameters  f,-.  (In  Refs.  1  and  2  is 
the  beam  current,  (2  is  the  modulating  anode  volt¬ 
age,  ^3  is  the  beam  voltage,  ^4  and  ^5  are  magnetic 
fields,  respectively,  in  the  interaction  and  electron 
gun  regions.)  Correspondingly,  for  fluctuations  in 
X  ~  •^oX  (where  /q  is  the  normalized  beam  current 
parameter)  one  can  derive  the  following  equation  (cf. 


/^iXfx"  +  ^djaij 
i 


iio' 


where  Q  is  the  Q-factor  of  the  last  cavity, 


(1) 


In  an  ideal  microwave  tube  operating  in  a  steady- 
state  regime  the  amplitude  and  phase  (frequency  in 
free  running  oscillators)  of  radiation  are  fixed.  In 
real  tubes  the  operating  parameters  such  as  beam 
and  mod-anode  voltages,  beam  current  and  mag¬ 
netic  fields  in  the  interaction  and  electron  gun  re¬ 
pons  can  fluctuate  because  of  the  finite  stabilization 
of  voltages  and  other  reasons.  This  slightly  affects 
the  interaction  between  the  beam  and  the  microwave 
field  and  correspondingly  causes  some  fluctuations 
in  the  amplitude  and  phase  near  their  nominal  val¬ 
ues.  The  theory  of  this  effect  for  free-running  and 
phase-locked  gyrotron  oscillators  has  been  developed 
in  Refs.  1  and  2.  Below,  we  develop  a  similar  formal¬ 
ism  for  multi-cavity  gyroklystrons.  Then  we  study 
numerical  a  four-cavity,  94  GHz  gyroklystron  which 
is  under  development  at  NRL. 

Formalism 

Our  formalism  is  based  on  the  equations  describ¬ 
ing  the  amplitude  and  phase  fluctuations  of  the  out¬ 
put  cavity  field  as  functions  of  fluctuations  in  the 
susceptibility  x  of  an  electron  beam  with  respect  to 


S-  =  ^^1  j  _  “io  ^X  I  , 

lo 

a  -  =  ii° 

Rrom  equations  for  amplitude  and  phase  fluctua¬ 
tions  written  for  different  instants  of  time,  one  can 
derive  the  equations  for  the  correlation  functions  for 
amplitude  and  phase  fluctuations  [1,  2].  The  Fourier 
transformation  of  these  equations  allows  one  to  ex¬ 
press  the  spectral  densities  of  the  amplitude-,  phase-, 
and  amplitude-phase  noise  via  spectral  densities  of 
fluctuations  in  extrinsic  parameters  f;.  The  trans¬ 
mission  coefficients  between  these  spectral  densities 
are  determined  by  the  expression  given  in  square 
brackets  in  Eq.  (1),  The  coefficients  A*  and  there 
can  be  found  analytically  (cf.  [1,  2])  while  dj  and 
X  =  x'  +  fx"  should  be  found  numerically.  Note  that 
for  an  A/-cavity  gyroklystron  with  a  constant  mag¬ 
netic  field  in  the  interaction  region,  short  cavities 
and  long  drift  sections  a  total  number  of  normalized 
parameters  Uj  is  2M  (1  <  j  <  2M ).  This  is  because 
we  have  M  amplitudes  of  fields  excited  in  M  cavi¬ 
ties,  the  cyclotron  resonance  mismatch  A,  and  M  - 1 
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phases  (phases  for  m  >  2  can  be  referred  to 
i.e.  one  can  have  to  deal  with  ^  for  m  >  2). 
Below,  we  will  consider  a  four-cavity  gyroklystron 
and  assume  that  uj  =  F4,  ttj  =  A,  us  =  ft,  = 
ft,  ti5  =  ft,  Ur  =  ttg  =  ^4  where  F4 

is  the  field  amplitude  in  the  last  cavity,  and  ft,  ft 
and  ft  are  bunching  parameters  proportional  to  the 
corresponding  field  amplitudes  in  preceding  cavities. 
We  will  also  assume  that  for  phase  deviations  the 
most  important  are  fiuctuations  in  electron  transit 
angles  through  long  drift  sections. 

Results 


First,  we  studied  the  94  GHz  NRL  gyroklystron 
in  the  absence  of  fiuctuations.  It  was  assumed  that 
the  device  is  driven  by  a  55  kV,  6  A  electron  beam 
with  an  orbital-to-axial  velocity  ratio  a  =  1.5,  the 
magnetic  field  is  3.68  T,  the  operating  mode  is  TEqi, 
and  all  cavities  operate  at  the  fundamental  cyclotron 
resonance.  The  dependence  of  the  amplitudes  and 
phases  of  the  fields  in  all  cavities  on  the  signal  fre¬ 
quency  was  calculated.  The  cold-cavity  frequencies 
of  the  cavities  were  taken  as  /x  =  93.4  GHz,  /a  = 
94.2  GHz,  /a  =  93.28  GHz,  and  /<  *=  93.887  GHz. 

We  then  calculated  the  coefficients  ay  and  dj, 
which  are  presented  in  Eq.  (1).  Since  the  NRL 
gyroklystron  operates  in  a  cryogenically  cooled 
TOlenoid  providing  stable  magnetic  fields  we  stud¬ 
ied  only  the  effect  of  the  beam  and  mod-anode 
voltage  fiuctuations.  Corresponding  coefficients  a.j 
«e:  aij  =  0,  03,1  =  -3,  03,1  =  2(70  - 
J)/7o  =  0.194,  a2,2  =  2  +  a^  =  4.25,  033  = 

U  -  7o(2  +  a*)]  /70C70  + 1)  =  -1.805,  02^  =  03,4  = 
02,5  =  l+2o2  =  5.5,  03.3  =  03.4  =  03,6  =  -27o(o2-f- 
l)/(7^+l) - 3.416, 02,6  =  ri,i02,8*  03,7  =  n, 203,8. 

02,8  -  O  Oir,  03,6  =  ri,i03,8,  03,7  =  71,303,8,  and 
«3.8  =  [7o/(7o  +  1)]  (o2+1)(2/Aq2-1)  =  where 
7o  is  the  initial  electron  energy  normalized  to  the 
rest  energy,  0^^  is  the  transit  angle  through  the  all 
drift  space  of  length  and  coefficients  n.i  and 
71,2  determine  the  positions  of  intermediate  cavities: 
n,l  —  ^dr.l/LirXy  ^1,2  =  (-£*,1  +  •^rfr,2)/Xrfr,E  (here, 
^dr,i,7  sje  lengths  of  corresponding  drift  sections). 

The^  dependences  of  real  and  imaginary  parts  of 
coefficients  dj  on  the  signal  frequency  are  shown  in 
Figs,  la  an^lb.  Corresponding  dependences  of  the 
coefficients  >12,3  and  B2,3  which  denote,  respectively, 
the  imaginary  and  real  parts  of  the  expressions  given 
in  Eq.  (1)  in  square  brackets  are  shown  in  Fig.  2.  As 
follows  from  Fig.  2,  the  effect  of  fiuctuations  in  the 
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mod-anode  (t  =  2)  and  beam  (i  =  3)  voltages  on  the 
spectrum  of  the  amplitude  and  phase  fiuctuations 
is  much  stronger  at  large  signal  frequencies  than  at 
small  ones  and  in  the  middle  of  the  bandwidth. 

The  work  has  been  sponsored  by  the  Naval  Re¬ 
search  Laboratory  and  the  Office  of  Naval  Research. 
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Abstract 


An  experimental  study  of  phase  stability  in  a  four- 
cavity,  94  GHz  gyroklystron  amplifier  is  underway.  To  date, 
the  phase  shift  as  a  function  of  beam  voltage  has  been 
measured.  The  experimental  data  is  in  good  agreement  with 
theoretical  predictions. 

Introduction 

^  Phase  stability  of  RF  sources  is  of  interest  for  many 
applications,  including  radar,  communications  and  particle 
accelerators.  The  spurious  response  of  any  amplifier  tube  used 
in  a  rad^  system  is  of  importance;  measurement  of  this 
response  is  critical  for  power  supply  specification  as  well  as 
for  determination  of  system  design  tradeoffs. 

A  high  average  power ,  gyroklystron  amplifier  is 
currently  being  developed  as  the  driver  for  a  W-band  radar. 
The  performance  goals  are  80-100  kW  peak  ou^ut  power,  10 
kW  average  power,  Md  600  MHz  full  width  half  maximum 
instantaneous  bandwidth.  A  low  duty  prototype  of  this 
gyroklystron  amplifier  has  been  constructed  and  tested  at  the 
Naval  Research  Laboratory  [1].  The  amplifier  has  produced 
67  kW  peak  output  power  and  28%  efficiency  in  the  TEj,, 
mode  with  a  55  kV,  4.3  A  aimular  electron  beam.  Preliminary 
phase  stability  nieasurements  have  been  performed  on  this 
gyroklystron.  A  similar  study  of  the  phase  stability  of  a  lower 
fiequency  gyroklystron  has  been  performed  by  Park  et  al  [2]. 
Phase  stability  measurements  of  gyroklystron  amplifiers  have 
also  been  discussed  by  McAdoo  et  al  [3]  and  Park  et  al  [4]. 

Experimental  Set-up 

A  schematic  of  the  gyroklystron  amplifier 
experiment  is  shown  in  figure  1  and  is  discussed  in  more  detail 
by  Blank  et  al  at  this  conference  [1].  A  4.3  A,  55  kV  annular 
elwtron  beam  is  produced  by  a  double  anode  magnetron 
injection  gun.  The  drive  power  is  supplied  by  a  1  kW  peak 
power  extended  interaction  oscillator  (EIO),  which  is 
mechanically  tunable  from  approximately  92.5GHz  to 
95.5GHz.  The  EIO  provides  pulses  up  to  2  microseconds  in 
duration.  The  beam  and  EIO  are  typically  pulsed  at  250  Hz  for 
an  rf  duty  cycle  of  0.05%. 


EIO 

driver 


gun  superconducting 

coil  magnet 


Figure  1  Schematic  of  the  4-cavity,  W-band  gyroklystron. 

Figure  2  shows  the  microwave  circuit  used  to 
measure  the  phase  linearity  of  the  gyroklystron.  In  this 
measurement  a  W-band  fundamental  mixer  with  a  DC  coupled 
IF  port  was  used  as  a  phase  detector.  The  EIO  signal  was  used 
as  the  reference  signal  to  the  phase  detector.  The  measurement 
was  performed  for  a  constant  drive  frequency  of  93.18  GHz. 
Variable  attenuation  was  inserted  in  each  arm  of  the  circuit  to 
balance  the  input  power  to  the  mixer. 
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During  the  experiment  the  input  power  was  measured 
to  be  approximately  3mW  peak  to  both  ports.  At  the  mixer,  the 
RF  input  signal  (the  ou^ut  of  the  gyroklystron)  is  combined 
with  the  local  oscillator  (LO)  signal  from  the  EIO.  The 
nonlineanly  of  the  mixer  produces  ou^uts  at  the  sum  and 
difference  of  the  two  input  signals.  The  high-frequency 
component  is  filtered  out  and  the  mixer  then  produces  a  dc 
Inteim^ate  Frequency  (IF)  signal  which  is  proportional  to 
cos^  if  the  RF  and  LO  signal  frequencies  are  the  same  (where 
is  the  phase  difference  between  the  RF  and  LO  signals).  The 
qrstem  is  most  sensitive  to  phase  fluctuations  when  the  phaa* 
shifter  is  adjusted  to  achieve  quadrature,  radians. 

Experimental  Results 

The  phase  linearity  measurement  was  performed  by 
setting  the  LO  and  RF  sign^  in  quadrature.  This  produced  an 
IF  of  OV,  at  an  initial  value  of  beam  voltage  of  the 
gyroklystron.  The  phase  of  the  gyroklystron  signal  was  then 
changed  by  decreasing  the  beam  voltage,  causing  the  IF  signal 
to  move  out  of  quadrature.  Adjusting  the  phase  shifter 
compensated  for  the  phase  shift  of  the  amplified  signal  and 
gave  a  direct  measurement  of  the  phase  shift,  A(|),  as  shown  in 
figures. 

To  calculate  the  ‘pushing  factor*  of  the  amplifier,  we 
fit  the  experimental  data  with  a  line  and  find  that  the  gradient 
is  40.6  /  kV.  For  this  measured  cathode  voltage  pushing 
factor,  the  corresponding  spurious  response  is  -63  dBc  for  a 
IV  rms  ripple  on  the  cathode  voltage. 

TTie  measured  data  was  then  compared  to  theoretical 
predictions.  EGUN  electron  trajectory  code  simulations  were 
used  to  determine  the  change  in  beam  velocity  ratio,  oc,  for  a 
given  change  in  cathode  voltage.  The  theoretical  phase  shift 
for  a  change  in  cathode  voltage  and  the  corresponding  a 
change  was  determined  with  a  time  dependent  version  of  the 
h^GYKL  code  [5].  The  theoretical  prediction  of  phase  shift 
with  cathode  voltage  variation  is  also  plotted  in  figure  3.  The 
gradient  for  the  MAGYKL  prediction  of  phase  shift  was  found 
to  be  37.6V  kV  which  is  in  good  agreement  with  the  40.67  kV 
gradient  of  the  measured  data. 

Summary 

A  preliminary  investigation  of  the  phase 
characteristics  of  gyroklystron  amplifiers  has  been  performed. 
The  phase  linearity  of  an  experimental,  W-band  gyroklystron 
w^  measured  to  be  40.6  V  kV.  This  is  in  reasonable  agreement 
with  the  theoreticdly  calculated  value  of  37.6  V  kV.  Future 
experiments  are  aimed  to  further  investigate  phase  noise  and 
phase  stability  in  gyro-amplifiers. 


Figure  3  Comparison  of  experimental  results  with  the 
theoretical  calculation  of  the  phase  linearity. 
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Abstract 

We  describe  results  from  the  initial  operation  of  our  coaxial 
gyroklystron  experiment,  which  is  being  evaluated  as  a 
potential  driver  for  future  linear  colliders.  The  interaction  is 
designed  to  occur  between  a  500  kV,  500  -  700  A  beam  and  a 
series  of  coaxial  T^,  microwave  cavities.  Output  powers  in 
excess  of  lOO  MW  at  8.568  GHz  are  expected  with  an 
efficiency  of  about  40%. 

Introduction 

At  the  University  of  Maryland,  we  have  been  running  a 
comprehensive  program  to  study  the  suitability  of 
gyroklystrons  as  drivers  for  linear  collider  applications  [1]. 
We  have  previously  reported  a  variety  of  experimental 
results,  all  of  which  were  achieved  on  a  test  bed  which 
produced  a  small-orbit  beam  with  a  nominal  voltage  and 
current  of  450  kV  and  200  A,  respectively.  Published 
accounts  of  our  effort  include  an  amplified  power  level  of  27 
MW  at  32%  efficiency  in  a  three-cavity  first  harmonic 
gyroklystron  near  10  GHz  and  32  MW  at  29%  efficiency  in  a 
two-cayity  second  harmonic  gyroklystron  near  20  GHz. 

In  this  paper  we  present  the  design  details  of  two  coaxial 
gyroklystron  tubes  which  are  predicted  to  produce  at  least  100 
MW  of  output  power  with  an  efficiency  of  nearly  40%.  These 
tubes  utilize  a  fundamental  mode  TEqh  input  cavity  which  is 
driven  by  a  150  kW  magnetron  at  8.568  GHz.  The  first  tube  is 
a  two-cavity  circuit  with  an  8.568  GHz  TEon  output  cavity, 
whereas  the  second  tube  has  an  8.568  GHz  TEon  buncher 
cavity  in  a  three-cavity  configuration.  We  present  details  of 
the  simulated  beam  properties  and  the  simulated  circuit 
interactions.  Cold  and  hot  test  results  of  the  first  experimental 
tube  are  discussed  before  the  project  status  and  a  description 
of  our  future  plans  are  summarized. 

Theoretical  Circuit  Performance 

A  detailed  design  analysis  has  been  carried  out  on  a  number 
of  coaxial,  two-  and  three-cavity  gyroklysfiron  systems  with 
the  aid  of  our  partially  self-consistent  nonlinear  code.  The 
input  cavity  in  all  tubes  is  in  resonance  with  the  signal 
frequency  at  8.568  GHz  and  the  output  cavity  is  resonant  with 
either  the  first  (8.568  GHz)  or  the  second  harmonic  (17.136 
GHz)  frequency,  in  a  three-cavity  system,  an  additional 
buncher  cavity  is  introduced  which  is  resonant  at  either  the 
first  or  second  harmonic  frequency.  In  the  following  sections, 
we  describe  only  the  two-cavity  first  harmonic  tube  which  has 


been  hot-tested  and  the  three-cavity  first  harmonic  tube  which 
is  scheduled  to  undergo  hot'testing  in  the  near  future. 

A.  Two-Cavlly  First  Harmonic  Tube 

The  first  harmonic  tube  consists  of  an  input  cavity  and  an 
ouq)Ut  cavity  separated  by  a  drift  section  as  shown  in  Fig.  I. 
The  input  cavity  is  defined  by  a  decrease  in  the  inner 
conductor  radius  only  and  the  quality  factor  is  brought  down 
•to<3«  70  by  loading  the  cavity  with  a  thin  ring  of  carbonized 
aluminum-silicate  placed  at  one  end  of  the  cavity.  The  inner 
radius  is  1.05  cm  and  the  length  is  2.29  cm.  Power  is  injected 
through  two  radial  coupling  ports  which  are  separated  by 
180®  and  excited  in-phase.  Our  start-oscillation  code  predicts 
that  the  input  cavity  is  completely  stable  up  to  a  current  of 
800  A. 
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Fig.  l.Thc  first-harmonic  two-cavity  tube  and  the  optimal 
magnetic  field  profile. 

The  drift  section  has  inner  and  outer  radii  of  1.825  cm  and 
3.325  cm,  respectively.  The  inner  conductor  is  required  so 
that  the  drift  tube  is  cutoff  to  the  operating  mode.  The  regions 
adjacent  to  each  cavity  are  made  of  copper,  but  lossy 
ceramics  line  the  majority  of  the  drift  tube  to  eliminate 
spurious  modes.  The  total  length  of  the  drift  region  is  9. 1  cm. 
Lossy  ceramics  are  also  used  in  the  downtaper  between  the 
gun  and  the  input  cavity. 

The  output  cavity  is  defined  by  changes  in  both  radit  and 
has  a  length  of  1.70  cm.  Power  is  extracted  axially  into  the 
output  waveguide  via  a  coupling  aperture.  The  aperture  has 
the  same  radii  as  the  drift  tube  and  has  a  length  of  0.9  cm.  The 
diffractive  quality  factor  is  122.  The  start-oscillation  code  also 
predicts  the  output  cavity  to  be  stable  at  the  nominal  current, 
which  is  given  in  Table  1  along  with  the  other  operating 
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parameters.  The  efficiency  is  nearly  40%  and  the  output 
power  is  about  95  MW.  The  dependence  of  tube  efficiency  on 
axial  velocity  spread  is  plotted  in  Fig.  2  with  the  solid  line. 
The  simulated  velocity  spread  of  the  electron  gun  is  6.4  %  at 
the  nominal  current.  The  curve  shows  a  slow  but  steady 
decrease  In  efficiency  with  Increasing  spread  and  indicates 
that  an  efficiency  of  37%  Is  still  possible  if  the  spread  is  as 
high  as  10%. 


Table  1.  Two  cavity  design  parameters. 


Parameters 

Two-cavity  II 

Voltage 

500  kV  1 

Current 

480A  1 

Velocity  ratio  I 

1.508  1 

Input  Cavity  Q 

50  1 

Output  Cavity- Q-  .  . 

1  122  1 

Gain 

21  dB  1 

Efficiency 

39.4%  [ 

Output  Power 

94.6  MW  1 

Fig.  2.  Efficiency  of  the  two-cavity  first  harmonic  tube  vs. 
velocity  spread. 

B.  Three-Cavity  First  Harmonic  Tube 

The  three-cavity  system  is  similar  to  the  first  tube,  except  that 
the  drift  region  has  been  split  in  two  nearly  equal  sections  and 
a  buncher  cavity  is  inserted  inbetween.  The  buncher  cavity  is 
nearly  identical  in  shape  to  the  drive  cavity  and  has  the  same 
resonant  frequency  and  Q.  The  efficiency  Is  predicted  to  be 
similar  to  the  two-cavity  system,  but  the  gain  is  expected  to 
improve  by  an  additional  20  dB.  We  expect  this  tube  to  go 
on-line  early  in  June  1997. 

COLD  AND  HOT  TEST  RESULTS 

The  construction,  cold  testing,  and  hot  testing  of  the  first 
experimental  tube  has  been  completed.  Cold-testing  yielded 
the  final  dimensions  of  the  input  cavity  required  to  achieve 
the  frequency  of  8.568  GHz  and  a  quality  factor  of  70.  They 
are  quite  near  the  theoretical  estimates  given  in  the  previous 
section.  Cold-test  drift  tube  attenuation  measurements  have 


indicated  adequate  isolation.  The  results  for  the  output  cavity 
-were  also  quite  close  to  the  predicted  values. 

The  performance  of  the  microwave  amplification 
experiment  was  limited  by -an  input  power  coupling  problem 
that  developed  after  the  tube  was  installed  on  the  test  bed.  The 
net  result  was  that  we  were  only  able  to  inject  about  5  IcW  of 
power  into  the  input  cavity.  The  two  cavity  system  had  a 
pr^icted  gain  slightly  above  20  dB,  so  the  tube  was  severely 
gain  limited.  The  best  amplification  results  yielded  a  peak 
power  of  about  600  k  W  with  a  pulse  width  of  over  1 .5  us  at  a 
beam  voltage  of  270  kV  and  a  current  of  290  A.  The 
performance  at  this  reduced  operating  point  was  consistent 
with  our  simulations.  While  some  instabilities  were  observed 
in  the  output  waveguide,  perfoimance  of  the  tube  at  these 
beam  parameters  was  not  limited  by  spurious  modes. 

PROJECT  STATUS  AND  FUTURE  PLANS 

We  continue  to  work  on  improving  our  simulation 
capabilities.  Time-dependent  capability  has  been  added  to  our 
nonlinear  (single-mode)  code  by  researchers  from  the  Naval 
Research  Laboratory  and  initial  results  have  confirmed  the 
steady-state  code  predictions.  We  hope  in  the  future  to  add 
multi-mode  capability  to  our  time  dependent  code. 

We  are  also  constructing  a  three-cavity  second-harmonic 
tube  which  utilizes  the  same  input  cavity  as  the  first-harmonic 
system.  The  buncher  and  output  cavities  resonate  at  17.136 
GHz  in  the  THoj,  mode,  but  are  otherwise  similar  In  shape  to 
the  first  harmonic  cavities.  The  cold-testing  of  these  cavities 
Is  nearly  complete  and  we  expect  to  hot  test  this  tube  as  soon 
as  the  first  harmonic  studies  are  completed. 

We  are  also  looking  at  advanced  cavity  concepts  for 
future  tubes.  For  the  input  cavity,  we  are  using  the  High 
Frequency  Structure  Simulator  code,  HFSS,  to  simulate  a 
single  waveguide  injection  scheme  which  couples  to  the  input 
cavity^  via  an  outer  coaxial  cavity.  Furthermore,  we  are 
investigating  an  output  cavity  which  couples  through  the 
inner  radial  wall  to  a  circular  waveguide,  thereby  decoupling 
the  microwaves  and  the  beam  beyond  the  output  cavity  and 
enabliiig  the  use  of  additional  tube  stabilization  schemes. 
Preliminary  HFSS  simulations  of  this  output  cavity  scheme 
have  been  successful.  Both  concepts  promise  to  improve 
performance  of  the  gyroklystron  tubes  beyond  the  current 
predictions. 
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common  features  which  allow  us  to  establish  the  scaline-  i.  n  w  (7) 

law  for  studying  different  operating  schemes.  This  scat  are  determined  by  Eqs.  (5)  and  (6), 

mg  law  allows  one  to  estimate  the  efficiency  of  a^mber  ^  function  F  dL 

of  schemes  when  only  some  of  them  are  studied  without  “4“  '“o°ant  harmonics  but  not  on 

m^g  detailed  optimization  of  design  for  other  schemes  !f  IT  “  the  absence  of 

Our  consideration  is  based  on  the  analysis  of  orbital  bal-  4  7.  bunching  process  in,  for  in- 

listic  bunching  of  electrons  in  GKL’s  which  proceeds  simi-  th^S  ^  GKL  with  aU  cavities  operating  at 

lar  to  the  axial  ballistic  bunching  of  electrons  in  klystrons  numb^<ftb““°“‘'  (®7“Ued  ‘2-2-2’  scheme  where  each 
In  gener^,  the  changes  in  the  electron  energy  tu  Ld  gy-  itTk  thp  harmonic  in  a  corresponding  cav- 

rophase  $  under  the  action  of  the  EM  fiel£^  in  the  i-th  fhe  same  as  m  a  three-cavity  GKL  with  all  cavi- 

cavity  can  be  described  by  two  equations  (see  [1]  [2])  0P«ating  at  the  fundamental  (‘l-M’  scheme);  ‘2-4-4’ 

.  J’  *=4  ns  ^see,  lij.  ibSjj  scheme  is  similar  to ‘1-2-2’ scheme,  and  so  on. 

=  2u;,.‘/*Ee(F<c*^‘ m  ^  understood  from  consideration  of 

‘  the  EM  field  rotating  synchronously  with  the  electron  gy- 

^  _  A  j- 1  *i/2-i  4W,  •  tbe  s-th  order  multipole 

^  tui  -H  =  -w.  /  /m(F<e‘’^‘/ie**‘*)  (2)  ’^bich  rotates  azimuthally  around  the  axis  of  electron  gy- 

itira  s  Tk  *  Ss^dentiiS  Sfuctie ’in^^^!  w'S  ^ 

ities  separated  by  long  drift  sections  the  changes  in  the  gular  width  2ir/8  When  the  pl«.t  ^ 

ff  Me  the  cavities  can  be  negiected,  Ihiie  S  L.  dis.S'in^„to«^,  tt“e 

changes  m  the  eneig,  ase  egual «,  .Ub  the  to  cavitpS  toheltos^rn^rTr 

An;,-  =  2u;?‘/*(0)/Zc(F<e‘’^‘c**‘*(“)) .  (3)  HiTnuT®  gyrophases)  is  formed  in  the  rotating 

the^i  th*  entrance  of  ’"‘‘b  the  first  cavity  field  afthe'^Snd'hM^ic“(rot2ing 

the  i-th  cavity.  These  changes  in  energy  lead  to  the  phase  Quadrupole  field)  two  bunches  are  formed  separated  bv  n 

S  afi  “  f  The  Therefore,  when  the  electron  rel  Slel al 

Sutenl?  p  be  fundamental  enters  the  second  cavity  operating  at  the 

using  Eq.  (2)  as.  !^ *  be  affected  by  the  second 

A  =  A(0)  4  A,0,,  4  (»,  -  i)fe .  („  ba„l“fs:.t=?.l‘!' “ ‘‘If  p- 


scheme  is  similar  to  ‘1-2-2’  scheme;  and  so  on 

4  JpTf'T^u*^  ^  understood  from  consideration  of 
the  EM  field  rotating  synchronously  with  the  electron  gy¬ 
ration.  This  field  is  the  field  of  the  s-th  order  multipS; 
which  rotates  azimuthally  around  the  axis  of  electron  gy¬ 
ration  as  shown  in  Pig.  1  [3].  The  field  of  such  a  mul¬ 
tipole  has  Identical  structure  in  each  sector  with  an  an¬ 
gular  width  27r/s.  When  the  electron  beam  having  uni- 
form  distribution  m  gyrophases  at  the  entrance  interacts 
wi  h  the  first  cavity  field  at  the  fundamental  resonance 
gy^Pbases)  is  formed  in  the  rotating 
^  ^°"“PO“dingly,  when  the  beam  interacting 

with  the  first  cavity  field  at  the  second  harmonic  (rotating 
quadruple  field)  two  bunches  are  formed  separated  by  ^ 
radians  Therefore,  when  the  electron  beam  prebuuched  at 
s  th  second  cavity  operating  at  the 

ravitv^eW  ®  be  affected  by  the  second 

hnnTf ^  ^‘®bar  to  the  case  when  the  pre- 

unchmg  is  at  the  second  harmonic  followed  by  the  second 


cavity  at  the  2s-th  harmonic.  Of  course,  as  the  harmonic 
number  grows  the  angular  width  of  a  region  with  decder- 
atmg  phase  becomes  more  narrow.  Correspondingly,  the 
btmchmg  process  becomes  more  sensitive  to  the  electron 
velocity  spread. 

This  process  cm  be  described  by  the  bunching  efficiency 
Vi  “  which  relates  to  the  maximum  perpendicu- 

^  ®fficien^»7x,mo,  as^  Vx,mat  =  Vi/^M  (as  follows  from 
(Ijl.  The  harmonic  number  here  shows  that  at 
higher  harmonics  the  smaller  slippage  of  the  bunch  with 
respect  to  the  multipole  moves  this  bunch  from  the  decel¬ 
erating  phase  to  the  accelerating  nne, 

The  bunching  efficiency  plots  of  several  possible  schemes 
of  three-cavity  GKL’s  are  shown  in  Pig.  2  in  the  parameter 
space  defined  by  qi  and  ft  (which  in  notations  of  Eqs.  (5)- 
(p  are  ft,3  and  $2;3,  respectively).  We  did  calculations  for 
three  positions  of  the  penultimate  cavity  when  the  ratio 
r  of  the  first  drift  section  length  to  the  total  drift  length 
equals  1/4, 1/2,  and  3/4.  The  contour  plots  in  Fig.  2  corre¬ 
spond  to  the  optimum  position  of  the  penultimate  cavity 
in  each  configuration.  These  results  are  also  optimized 
with  respect  to  the  phase  il>2‘  of  the  second  cavity. 

Comparision  of  1-1-1  and  1-2-1  schemes  shows  that  op¬ 
eration  of  the  penultimate  cavity  at  the  second  harmonic 
in  GKL  with  the  output  cavity  at  the  fundamental  slightly 
improves  the  bunching  efficiency.  Comparision  of  two 
schemes  with  frequency  doubling,  1-2-2  and  1-1-2,  shows 
that  the  1-2-2  scheme  is  preferable.  Among  the  schemes 
with  the  frequMcy  quadrupling,  1-2-4,  1-4-4,  and  1-1-4, 
the  best  bunching  efficiency  can  be  resized  in  the  1-2-4 
scheme  studied  in  Ref.  1. 


:  Results  of  these  simpie  calculations  agree  well  with  the 

data  of  detdled  design  optimization  studies  presented  in 
Ref.  2.  It  was  found  that  in  the  absence  of  velocity  spread 
the  ^“tronic  efficiency  of  1-1-1  and  1-2-2  schemes  can 
reach  43  %.  The  efficiency  of  the  1-2-1  was  reported  to 
be  smaller  (39  %)  due  to  design  constraints  (r  ~  1/2  and 
gm  >  15  dB  between  successive  cavities).  The  efficien- 
ciK  for  the  optimized  designs  based  on  the  quadrupline 
sA^es,  1-2-4  and  1-4-4,  were  reported  to  be  16  %^and 
18  \  respectivdy  (for  r  ~  1/2)  [2].  Rrom  our  scaling  law 
the  bunc^g  efficiency  of  the  2-4-4  scheme  is  equi^^ent 
to  that  of  the  1-2-2  sdieme  which  is  higher  than  the  pre¬ 
vious  two  quadrupling  schemes.  We  designed  a  2-4-4  type 
relativistic  GKL  with  similar  parameters  and  optimized 
It.  As  Mpect^  from  the  bundling  effidency,  this  design 
had  22  %  effidency.  Thus,  the  effidency  predictions  based 
on  the  scaling  law  described  above  are  in  good  agreement 
with  the  detailed  design  optimization  results. 
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Abstract 

A  three-cavity,  relativistic  gyroklystron  amplifipf  in- 
corporating  special  design  features  is  simulated  us¬ 
ing  the  High  Frequency  Structure  Simulator  (HFSS) 
code.  The  advanced  features  analyzed  here  include 
coaxial  symmetric  iiyection  system  for  the  input  cav¬ 
ity,  dielectric  loading  of  the  buncher  cavity,  and 
radial  extraction  of  power  from  the  output  cavity 
through  ah  inner  'comcial  waveguide.  The  finite  el¬ 
ement  code,  HFSS,  is  very  useful  in  designing  such 
complex  cavities.  The  advantages  of  this  design  in¬ 
clude  better  coupling  and  mode  purity  in  the  input 
cavity,  stable  second  harmonic  operation  in  TE021 
mode  in  the  buncher  and  output  cavities,  and  radial 
extraction  of  microwave  power  in  TEoi’mode  through 
the  inner  coaxial  waveguide. 


PMameters 

Ku  band 

1-2-2  design 

Beam  voltage  (1^) 

Beam  current  (A) 
Pitch-angle  (do) 

Axial  Velocity  spread  .  i 
Avg.  magnetic  field  (Hq) 
Input  frequency 

Output  frequency 

Input  cavity  Q 

Buncher  cavity  Q 

Output  cavity  Q 

Gain 

Efficiency 

Output  power 

500  kV 

770  A 

1.508 

6.4% 

4.85  kG 

8.568  GHz 
17.136  GHz 

50 

389 

320 

49  dB 

41.1  % 

158  MW 

High  power,  pulsed,  relativistic  gyroklystron  amplifiers 
Me  being  developed  at  the  University  of  Maryland  for  driv¬ 
ing  future  linear  colliders.  The  current  experiments  ^e 
b^ed  on  the  100-150  MW  designs  in  X  and  Ku  bands 
with  over  40  %  efBciencies  operating  at  the  fundamental 
Md  second  harmonic  of  the  cyclotron  firequency,  respec¬ 
tively  (IJ.  The  main  advantage  of  the  second  harmonic 
operation  in  Ku-beind  is  to  eliminate  the  necessity  of  us- 
ing  cryogenically  cooled  solenoids.  Early  experiments  have 
demonstrated  30  MW  output  power  and  28  %  efficiency 
for  the  second  harmonic  operation  [2].  The  current  experi¬ 
ments  are  designed  for  higher  beam  power  employing  coax¬ 
ial  microwave  circuits.  We  refer  to  the  two  and  three  cavity 
gyroklystron  designs  based  on  the  resonant  cyclotron  har¬ 
monics  in  each  cavity.  The  operating  parameters  of  the 
three  cavity  1-2-2  design  are  tabulated  in  Table  1. 

This  paper  improves  on  the  basic  1-2-2  design  by  using 
complex  cavities  with  advanced  features.  The  advanced 


Table  1: 


futures  analyzed  here  include  coaxial  symmetric  injec¬ 
tion  system  for  the  input  cavity,  dielectric  loading  of  the 
buncher  cavity,  and  radial  extraction  of  power  from  the 
output  cavity  through  an  inner  coaxial  waveguide.  The 
three  cavity  microwave  circuit  is  shown  in  Fig.  1.  Due  to 
the  complex  geometries  the  cold  cavity  fields  cannot  be 
solved  by  simple  scattering  matrix  formulation  ([3], [4]) 

We  have  used  a  finite  element  code  HFSS  to  design  these 
cavities. 


ine  input  power  is  mjected  into  an  outer  coaxial  cavity 

injection  frequency 
of  8.568  GHz.  The  power  is  then  coupled  mto  the  input 
cavity  (in  TEon)  symmetrically  through  four  slots  which 
Me  7r/2  r^ians  apart.  The  HFSS  simulation  results  for  the 
mput  cavity  and  the  coupling  scheme  are  shown  in  Fig.  2. 
This  design  has  coupling  efficiency  and  higher  mode  purity. 
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The  buucher  cavity  has  cut-off  drift  sections  on  both 
sides  and  the  required  quality  factor  of  389  for  the  oper¬ 
ating  mode  (TE021)  is  achieved  by  introducing  lossy  di¬ 
electrics.  However,  the  position  of  the  dielectric  material 
can  be  chosen  to  improve  the  stability  of  the  cavity.  The 
competing  mode  TEon  which  resonates  at  9.3  GHz  is  po¬ 
tentially  dangerous  due  to  beam  interaction  at  the  funda¬ 
mental  cyclotron  frequency.  Since  the  frequency  of  TEon 
mode  is  closer  to  its  cut-off  frequency  in  the  drift  section 
the  field  tapers  off  slowly.  By  positioning  lossy  dielectrics 
in  the  drift  section  (near  the  cavity)  this  mode  be  se¬ 
lectively  loaded.  The  variations  of  quality  factors  for  each 
,mode  as  functions  of  the  dielectric  position  are  plotted  in 
Fig.  3.  The  results  are  compared  with  the  approximate  so¬ 
lutions  using'CASCADE  code  based  on  scattering  matrix 
formulation.  Based  on  HFSS  simulations  the  dielectrics 
should  be  placed  at  6  mm  from  the  buncher  cavity  which 
gives  the  Q-values  of  389  and  35  for  the  TE021  and  TEon 
modes.  At  these  Q-values  the  cavity  is  completely  stable. 

The  earlier  coaxial  output  cavity  design  had  a  small  cut¬ 
off  lip  before  the  outlet  taper  for  field  confinement.  The 
output  radiation  and  the  spent  electron  beam  both  trav¬ 
elled  together  in  the  axial  direction  in  the  outlet  section. 
In  the  pr^ent  design  the  output  cavity  has  cut-off  sec¬ 
tions  on  either  sides  and  the  microwave  power  is  extracted 
radially  through  eight  coupling  slots  into  an  inner  coax¬ 
ial  wavegmde  in  TEoj  mode.  The  inner  waveguide  has  a 
quarter  wavelegth  termination  along  the  negative  z  (axial) 
fraction.  The  dimensions  of  the  coupling  slots  are  ad¬ 
justed  to  get  the  required  Q-value  of  320  for  the  operating 
mode  (TE021).  The  results  obtained  from  the  HFSS  simu¬ 
lations  are  shown  in  Fig.  4.  This  configuration  has  several 
advantages,  viz.  natural  separation  of  radiation  and  the 
electron  beam,  extraction  of  power  in  TEoi  niOde,  easier 
implementation  of  cooling,  support,  and  energy  recovery 
schemes,  hkely  better  performance  under  the  dynamic  load 
conditions,  and  better  stability. 

The  interaction  efficiency  of  this  advanced  concept  gy- 
roklystron  is  38  %  (slightly  lower  than  the  original  design), 
but  further  improvement  is  possible  by  optimizing  the  cav¬ 
ity  designs  and  operating  parameters. 
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Abstract 

The  concept  of  multi-beam  microwave  tubes  is 
motivated  by  the  tendency  to  produce  high-power 
microwaves  at  low  operating  voltages.  In  such  de¬ 
vices  electron  beamlets  propagate  through  individ¬ 
ual  drift  channels  and  prebunching  cavities  and  then 
can  load  either  individual  output  cavities  or  the  com¬ 
mon  output  cavity.  The  bandwidth  of  these  devices 
can  be  increased  by  stager-tuning  of  prebunching 
cavities,  in  the  present  paper  a  theory  of  multi-beam 
gyroklystrons  with  stagger-tuned  prebunching  cavi¬ 
ties  is  developed  and  the  trade-off  in  the  gain  and 
bandwidth  is  analyzed. 

Introduction 

Multi-beam  gyroklystrons  as  well  as  multi-beam 
conventional  klystrons  offer  a  number  of  advantages 
over  their  single-beam  counterparts.  In  these  devices 
the  required  microwave  power  can  be  produced  at 
much  lower  voltages,  which  reduces  the  weight  of  the 
tube  and  high-voltage  supply.  Also,  when  one  multi¬ 
beam  tube  can  be  used  instead  of  many  single-beam 
tubes  the  weight  of  magnet  systems  can  be  reduced 
drastically.  Since  the  total  perveance  of  multi-beam 
tubes  can  be  much  larger  than  that  of  a  single-beam 
device  the  bandwidth  can  be  signihcantly  increased. 
It  can  be  increased  even  further  by  stagger  tuning 
the  cavities  driven  by  individual  beamlets.  The  the¬ 
ory  of  such  multi-beam,  stagger-tuned  gyroklystrons 
is  developed  below. 

Formalism 

Our  formalism  is  based  on  the  theory  of  stagger- 
tuned  single-beam  gyroklystrons  (GKLs)  developed 
in  Ref.  1  which  is  generalized  for  the  case  of  multi¬ 
beam  GKLs.  A  schematic  of  the  multi-beam  GKL 
with  the  common  output  cavity  is  shown  in  Fig.  1. 


In  the  same  way,  one  can  consider  multi-beam  GKLs 
with  individual  output  cavities,  however  at  short 
wavelengths  and  high  average  power  levels  the  mi¬ 
crowave  Ohmic  losses  in  these  cavities  can  be  too 
high. 

The  analytical  treatment  of  these  devices  operat¬ 
ing  in  both  small-  and  large-signal  regimes  can  be 
done  for  a  “point-gap”  model.  In  such  a  model  one 
assumes  that  the  device  consists  of  short  cavities  sep¬ 
arated  by  long  drift  sections.  Correspondingly,  in 
cavities  we  account  only  for  changes  in  the  electron 
energy  which  lead  to  the  orbital  electron  bunching  in 
long  drift  sections.  Although  we  developed  a  general 
formalism  for  an  A-stage,  K-beam  GKL  (see  Fig.  1) 
operating  in  a  large-signal  regime,  we  studied  only 
two-stage,  two-,  three-  and  four-beam  GKLs  operat¬ 
ing  in  small-signal  regimes. 

Results 

We  analyzed  two  strategies  of  stagger-tuning  for 
the  bandwidth  enlargement.  The  first  one  is  to  de¬ 
tune  the  eigenfrequencies  of  the  input  cavities  near 
the  eigenfrequency  of  the  input  cavity  of  a  single¬ 
beam  device.  The  second  strategy  is  to  detune  the 
eigenfrequencies  of  these  cavities  at  about  the  eigen¬ 
frequency  of  a  common  output  cavity. 

The  first  strategy  is  illustrated  by  Figs.  2  and  3,  in 
which  the  variable  part  of  the  gain,  Gyar,  describing 
the  gain  degradation  due  to  stagger  tuning,  is  shown 
as  a  function  of  the  normalized  frequency  detuning 
for  different  values  of  the  stagger-tuning  parameter 
f.  Figure  2  shows  the  variable  gain  in  a  single-beam, 
two-stage  GKL.  (This  figure  is  ^ven  for  the  sake  of 
comparison.)  In  Fig.  3  the  variable  gain  in  two-beam 
GKL  is  shown  for  parameters  f  providing  the  flatness 
of  the  gain  curves  about  3  dB  within  the  bandwidth. 

The  second  strategy  is  illustrated  by  Figs.  4  and 
5,  which  show  the  variable  gain  in,  respectively,  two- 
and  four-beam  GKLs. 
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The  results  of  the  study  are  summarized  in  Fig.  6 
where  the  increase  in  bandwidth  and  the  degrada¬ 
tion  in  gain,  AG,  are  shown  as  functions  of  the 
number  of  beamlets  for  both  strategies  considered 
above.  (In  Fig.  6  the  results  related  to  these  strate¬ 
gies  are  marked,  respectively,  I  and  II;  BWa  is  the 
bandwidth  of  a  single-beam  GKL.)  As  follows  from 
Fig.  6,  when  we  have  four  or  more  beamlets  the 
second  strategy  provides  a  larger  bandwidth  and  a 
smaller  degradation  in  gain. 

Note  that  from  Figs.  2-5  one  can  find  only  the 
normalized  bandwidth,  which  is  2^2  •■BIV,  where  Q2 
is  the  Q-factor  of  the  output  cavity.  This  Q-factor 
can  be  different  for  single-  and  multi-beam  GKLs. 
Also  it  depends  on  whether  we  have  to  deal  with  one 
common  output  cavity  or  individual  cavities,  as  well 
as  on  the  filling  factor  of  these  cavities  with  electron 
beams. 

The  theory  developed  and  the  results  obtained  al¬ 
low  one  to  analyze  the  trade-off  in  gain  and  band¬ 
width  in  multi-beam  stagger-tuned  GKLs. 

This  work  has  been  supported  by  the  Naval  Re¬ 
search  Laboratory  and  the  U.S.  Office  of  Naval  Re¬ 
search. 
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Abstract 

High  power,  pulsed,  relativistic  gyroklystron  ampli¬ 
fiers  are  being  developed  for  driving  future  linpar 
colliders.  Detailed  analysis  is  performed  to  deter¬ 
mine  frequency  tunability  and  phase  stability  of  these 
devices.  Nonlinear,  time-dependent  simulations  are 
carried  out  using  two  designs  of  X  and  Ku  band  gy- 
roklystrons  &'i>&ating  at  the  fundamental  and  second 
harmonic  frequencies,  respectively.  It  is  shown  that 
the  second  harmonic  design  is  is  rather  sensitive  to 
the  variation  in  cold  cavity  frequency  of  the  output 
cavity.  However,  a  significant  level  of  frequency  tun¬ 
ability  can  be  achieved  by  making  small  changes  in 
the  magnetic  field  strength.  Studies  of  time  varia¬ 
tions  of  efficiency  and  output  phase  under  a  typical 
_  beam  voltage  pulse  are  presented.  It  is  shown  that 
the  shape  of  the  pulse  and  its  noise  level  play  impor¬ 
tant  roles  in  determining  the  phase  stability  of  the 
device. 

Efficient,  100  MW  RF  sources  in  the  X  and  Ku  fre¬ 
quency  bands  with  pulse-lengths  of  1  /xs  are  being  devel¬ 
oped  for  future  electron-positron  colliders  with  proposed 
c^ter  of  mass  energies  of  1  TeV  and  more.  The  relativis¬ 
tic  gyroklystron  is  one  of  the  prime  candidates  being  con¬ 
sider^  to  fulfill  these  requirements.  Early  gyroklystron 
experiments  at  Maryland  have  achieved  27-32  MW  power 
levels  and  about  30  %  efficiency  at  frequencies  neair  10 
and  20  GHz  [l]-(3].  The  current  experiments  are  based 
on  the  100-150  MW  designs  in  X  and  Ku  bands  with  over 
40  %  efficiencies  [4].  In  addition  to  the  power  and  ef¬ 
ficiency  requirements,  gyroklystrons  should  also  meet  the 
synchronization  criteria  to  be  suitable  for  driving  large  ac¬ 
celerators.  Hundreds  of  these  RF  drivers  would  have  to  be 

syncl^onized  in  frequency  and  output  phases. 

Tim  paper  deals  with  the  synchronization  study  of 
relativistic  gyroklystron  amplifiers  using  nonlinear,  time- 
dep^dent  simulations.  The  study  is  conducted  for  two 
specific  designs  of  two-cavity,  coaxial  gyroklystron  ampli¬ 
fiers  operating  in  the  X  and  Ku  bands  (presented  in  Ref.  4). 
We  rrfer  to  the  two  designs  as  1-1  and  1-2  systems,  re^ 
spectively,  based  on  the  resonant  cyclotron  harmonics  in 
each  cavity.  These  designs  were  optimized  using  a  sta¬ 
tionary,  nonlin^  gyroklystron  code  [5].  The  operating' 
parameters  are  tabulated  in  Ihble  1.  The  nonlinear  code 
was  later  modified  to  include  partial  time  derivatives  of 
the  electromagnetic  field  amplitudes  in  order  to  carry  out 
time-dependent  analysis  [6]. 

One  of  the  issues  important  for  synchronization  is  to 


account  for  manufacturing  tolerances  which  may  cause 
spread  in  the  cold  cavity  frequencies  of  gyroklystron  cav¬ 
ities  about  their  design  values.  IVpically,  1  mil  (1/1000 
inch)  tolerance  in  radial  dimensions  could  lead  to  10-20 
MHz  changes  in  the  cold  cavity  frequency  of  the  X  and  Ku 
band  cavities.  In  order  to  achieve  efficient  operation  at  a 
fixed  output  frequency  the  operation  of  the  device  should 
not  be  sensitive  to  these  changes.  Otherwise  some  sort  of 
frequency  tunability  should  be  introduced  to  compensate 
for  these  changes. 

It  is  assumed  that  the  input  cavity,  which  is  dielectri¬ 
cally  loaded  (to  lower  its  Q  value),  can  be  tuned  to  the 
exact  operating  frequency.  Hence,  the  sensitivity  analysis 
IS  carried  out  with  respect  to  the  cold  cavity  frequency  of 
the  output  cavity  for  each  design.  It  is  found  that  the  X 
band  design  is  rather  insensitive  to  the  variation  in  cold 
cavity  frequency  m  shown  in  Fig.  1.  However,  the  second  . 
harmonic  1-2  design  is  found  to  be  very  sensitive  and  has 
a  small  bandwidth.  Some  sort  of  frequency  tunability  is 
necessary  to  compensate  for  any  changes  in  the  cold  cavity 
frequency.  One  possible  option  to  achieve  tunability  is  to 
use  a  mechani^y  movable  part  such  as  a  plunger,  but  it 

may  not  be  suitable  due  to  high  field  values  in  the  output 
cavity. 

Another  technique  to  achieve  frequency  tunabUity  is  by 
varying  the  strength  of  the  axial  magnetic  field.  The  op¬ 
timum  axial  profile  of  the  magnetic  field  is  kept  the  same. 
However,  the  amplitude  of  the  field  is  changed  by  1  or 
2  %  to  get  the  required  tunabUity.  The  variation  of  effi¬ 
ciency  versus  the  cold  cavity  frequency  for  a  small  change 
in  the  magnetic  field  strength,  AR,  is  shown  in  Fig.  2  for 
different  values  of  AB.  It  shows  that  the  high  efficiency 
operating  r^me  can  be  moved  to  higher  or  lower  values 
of  cold  cavity  frequency  by  decreasing  or  increasing  the 
magnetic  field  strength,  respectively.  Thus,  the  operating 
bandwidth  of  the  design  can  be  increased  by  a  factor  of  4 
by  using  this  technique. 

Another  important  synchronization  criterion  is  phase 
stabUity  of  the  output  radiation.  Since  the  output  phase 
IS  sensitive  to  the  beam  voltage  we  have  carried  out  time- 
dependent  analysis  for  the  voltage  pulse.  In  order  to  de- 
termme  the  effect  of  the  voltage  pulse  on  the  efficiency  and 
output  phase  we  use  a  simple  model  of  symmetric  pulse 
with  exponential  rise  time  of  100  ns  and  fiat  top  of  about  1 
fis.  It  is  found  that  the  phase  saturates  much  more  slowly 
to  Its  flat-top  value  (as  shown  in  Fig.  3)  as  compared  to  the 
held  amplitude.  In  order  to  achieve  phase  stability  of  0.1 
rad  (or  about  6  deg)  only  about  a  300  nsec  portion  of  the 
pulse  can  be  used.  Better  results  are  obtained  if  an  absc^ 
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lately  constant  value  of  the  flat-top  voltage  is  used  rather 
than  the  exponential  saturation.  Thus,  an  accurate  shape 
of  the  voltage  pulse  is  necessaiy  to  determine  the  phase 
stability  characteristics  of  the  device.  Since  this  phase 
variation  is  systematic,  a  pre-programmed  phase  variation 
on  the  gyroklystron  drive  could  in  principle  counteract  this 
effect. 

During  the  actual  voltage  pulse  there  are  random  fluc¬ 
tuations  in  voltage  level  even  at  the  flat-top  portion  due 
to  noise.  We  estimate  the  effect  of  noise  by  adding  a  small 
perturbation  to  the  original  voltage  pulse.  The  timo  vari¬ 
ation  of  the  output  phase  is  plotted  in  Fig.  4  for  a  voltage 
pulse  with  1  %  perturbation  introduced  after  600  nsec  from 
the  start.  The  output  phase  shows  a  significant  change  (of 
.about  0.6  rad  or  34  deg)  due  to  this  perturbation.  Thus, 
in  order  to  achieve  phase  stability  of  0.1  rad  the  slow  time- 
scale  noise  level  in  the  beam  voltage  should  be  less  than 
0.2  %  or  less  than  1  kV.  Thus,  phase  stability  puts  a  very 
stringent  requirement  on  the  constancy  of  the  flat-top  volt¬ 
age  unless  some  feedback  system  is  incorporated. 
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Parameters 

Beam  voltage  (V^) 

Beam  current  (4) 
Pitch-angle  (op) 

Avg.  magnetic  field  (Bo) 

Tnniit. 


X  band 
1-1  design 
500  kV 
480  A 
1.508 
5.0  kG 

o  cfto 


Ku  band 
1-2  design 
500  kV 
700  A 
1.508 
4.9  kG 
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Abstract 

A  quasi-optical  oscillator  which  has  a  horn  antenna  array 
with  Gunn  diodes  placed  in  a  Fabry-Perot  resonator,  has  been 
developed  as  a  spatial  power  combiner  with  high  output  power 
at  millimeter  wavelengths.  Experimental  results  performed  at 
frequencies  around  6 1  GHz  have  shown  that  nine  Gunn  diodes 
in  the  oscillator  with  a  3x3  horn  antenna  array  can  oscillate  with 
a  total  ouqjut  power  of  I  W  and  a  CVN  ratio  of  about  80  dB/Elz  at 
100  kHz  offset. 

Introduction 

Coherent  power  combining  of  solid-state  devices  using  a 
quasi-optical  resonator  is  a  promising  technique  to  produce  in¬ 
tense  millimeter  and  submillimeter  waves  with  a  high  carrier  to 
noise  ratio  (C/N)  [1 J.  Two-terminal  devices  such  as  Gunn  and 
IMPATT  diodes  have  high  capability  for  radiation  power  grater 
than  several  tens  of  mW,  even  at  frequencies  above  100  GHz. 
Thus  combining  power  from  only  twenty  diodes  or  less  would 
produce  enough  rf-power  in  practical  use  for  many  applications. 
In  conventional  quasi-optical  resonators  [2],  the  diodes  are  ar¬ 
rayed  two  dimensionally  with  a  pitch  of  less  than  a  wavelength. 
In  that  case,  a  small  number  of  the  diodes  radiate  a  strongly  dif¬ 
fracted  beam  in  the  resonator  due  to  its  small  radiation  area,  con¬ 
sequently  causing  a  large  rf  loss  [3].  A  horn  antenna  coupled 
quasi-optical  resonator  has  been  propwsed  as  an  efficient  power 
combiner  using  a  small  number  of  diode  devices.  In  this  paper,  1 
W  operation  of  a  horn  coupled  oscillator  with  nine  Gunn  diodes 
at  fr^uencies  around  60  GHz  is  presented. 

Resonator  ConHguration 
The  experimental  configuration  of  the  horn  coupled  reso¬ 
nator  with  nine  Gunn  diodes  is  shown  in  Fig.  1.  The  Gunn  diode 
is  mounted  in  a  metal  V-band  waveguide  with  pyramidal  horns 
at  both  ends.  Both  horns  have  the  same  square  aperture  with  a 
size  of  15  mm  x  15  mm.  The  waveguides  are  arrayed  by  3x3  and 
are  placed  in  a  Fabry-Perot  resonator  which  consists  of  a  con¬ 
cave  mirror  and  a  tunable  output  coupler.  This  configuration  of 
the  resonator  allows  nine  diodes  to  generate  a  well  collimated 
radiation  beam  which  efficiently  couples  to  the  fundamental  reso¬ 
nator  TEMj„  mode.  In  addition,  the  metal  waveguides  provide  a 
large  heat  sink  for  the  Gunn  diodes,  which  have  a  low  dc-rf  con¬ 
version  efficiency. 


In  this  experiment,  the  output  coupler  was  not  used.  The 
InP-Gunn  diodes  used  in  the  experiment  have  a  maximum  out- 
..  power  of  about  160  mW  in  a  well  tuned  waveguide  resona¬ 
tor.  The  concave  mirror  has  a  radii  of  curvature  of  600  mm  and  a 
diameter  of  120  mm.  The  metal  waveguide  has  a  total  length 
of  80  mm.  Total  output  power  for  the  oscillator  was  estimated 
from  power  detected  through  a  receiving  V-band  standard  hom 
(Gain  24  dB  at  60  GHz)  placed  at  a  distance  of  720  mm  from  the 
oscillator. 

Experimental  Results 

Figure  2  shows  the  measured  frequency  spectrum  for  the 
hom  coupled  oscillator.  The  CTN  ratio  at  a  100  kHz  offset  was  - 
80  dB,  compared  to  -68  dB  measured  for  the  oscillator  having 
only  a  single  diode.  This  experimental  result  shows  that  radia¬ 
tion  power  from  the  nine  Gunn  diodes  has  been  successfully 
combined  coherently  in  the  resonator  at  the  center  frequency  of 
61  GHz. 

Figure  3  shows  the  measured  E-  and  H-plane  patterns  of 
the  output  beam  from  the  oscillator  at  61 .3  GHz.  The  solid  curve 
is  the  theoretical  directivity  of  the  3x3  hom  antenna  array.  The 
agreement  between  the  theoretical  and  experimental  beam  pat¬ 
terns  implies  that  the  oscillation  mode  in  the  resonator  is  the 
fundamental  TEM^g  mode.  It  should  be  noted  that  the  main  beam 
in  Fig.  3  corresponds  to  a  Gaussian  beam  with  a  spot  size  of  19.5 
mm  at  the  output  side  of  the  hom  array,  which  is  somewhat 
smaller  than  half  of  the  array  size  of  45  mm.  In  the  experiment, 
power  detected  through  the  receiving  hom  was  60  mW  which 
corresponds  to  the  total  output  power  of  about  1  W.  Since  the 
power  ratio  of  the  main  beam  to  the  sidelobes  in  Fig.  3  is  6.6:3.4, 
power  contained  in  the  main  beam  is  660  mW. 

For  the  same  ouqiut  beam  patterns  shown  in  Fig.  3,  oscil¬ 
lation  frequencies  in  the  hom  coupled  oscillator  were  measured 
as  a  function  of  the  spacing,  L^,  between  the  concave  mirror  and 
hom  array  and  are  shown  in  Fig.  4.  The  solid  lines  are  the  theo¬ 
retically  calculated  frequencies  using  an  equivalent  circuit  for 
the  hom  coupled  oscillator.  The  equivalent  circuit  was  constructed 
by  using  a  simple  transmission  line  model  containing  a  single 
waveguide  as  a  unit  cell.  In  Fig.  4,  the  measured  tuning  frequency 
range  for  the  oscillator  is  about  0.56  GHz  at  a  center  frequency 
of  61.2  GHz.  This  frequency  tunability  is  limited  by  the  the  free 
spectral  range  allowed  for  a  resonator  with  a  length  of  about  284 
mm. 
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Conclusion 

A  hom  antenna  coupled  quasi-optical  oscillator  has  been 
developed  as  an  efficient  power  combiner  for  a  small  number  of 
diode  devices  at  millimeter  wave  frequencies.  Theoretical  and 
experimental  results  have  shown  that  the  oscillator  can  produce 
a  fundamental  Gaussian  output  beam  with  a  high  power  of  660 
mW  and  a  small  diffraction  angle  of  6°  by  using  oidy  nine  Gunn 
diodes  at  frequencies  around  61  GHz.  These  results  indicate  that 
the  hom  coupled  oscillator  could  be  a  practical  source  for  many 
applications  at  millimeter  wavelengths. 
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o  •  Experiment 
- Theory 


Fig.  I  Experimental  configuration  of  the  hom  antenna  coupled  Fig.  3  Measured  E-  (left)  and  H-  (right)  plane  patterns  of  the 
quasi-ophcal  oscillator  with  Gunn  diodes.  output  beam  in  the  hom  antenna  coupled  oscillator  at 

61 .3  GHz.  The  radiation  angles  were  measured  from  the 
center  of  the  surface  of  the  hom  antenna  array  at  the  out¬ 
put  side  of  the  oscillator. 
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Fig.  2  Measured  frequency  spectrum  of  the  horn  antenna 
coupled  oscillator. 


Fig.  4  Measured  (a)  oscillation  frequencies  and  (b)  detection 
iwwer  for  the  hom  antenna  coupled  oscillators  as  a  func¬ 
tion  of  the  resonator  length  L  . 
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Abstract 

A  new  design  for  millimeter  wave  power  sources  is  presented. 
A  monolithic  array  of  transistor  oscillators,  designed  in 
shielded  inverted  microstrip  form  on  an  electrically  thick 
substrate  is  synchronised,  phased  and  power  combined  in  the 
resonant  substrate  with  efficient  output  to  a  single  mode 
waveguide  or  to  an  aperture  type  antenna. 

Introduction  -  monolithic  substrate  limitations 

The  development  of  transistors  that  have  useful  gain  at 
frequencies  up  to  lOOGHz  has  created  new  prospects  in  the 
search  for  millimeter  wave  power  sources  that  are  more 
efficient  and  less  expensive  than  existing  sources  based  on 
IMPATT  and  Gunn  diodes.  The  power  output  capabUity  of 
transistors  decreases  with  increasing  frequency  making  it 
necessary  to  combine  the  ouq)uts  from  several  oscillators  to 
satisfy  systems  requirements.  Monolithic  fabrication  of  all  the 
transistors  and  passive  components  to  form  an  array  on  a 
single  wafer  is  the  cost-effective  solution  but  a  design  has  yet 
to  be  found  that  is  compatible  with  all  of  the  practical 
limitations  of  the  technology  in  current  use. 

Gallium  arsenide  (GaAs)  wafers  of  sufficient  area  to 
accommodate  an  array  of  oscillators  need  to  be  200  microns 
thick  to  be  mechanically  strong  enough  for  processing.  With  a 
dielectric  constant  of  12.8  these  wafers  are  almost  ^^4  thick  at 
lOOGHz,  where  is  the  wavelength  in  the  dielectric  medium. 
Conventional  microstrip  circuit  design  is  not  possible  on  such 
a  thick  substrate.  Transistor  grid  oscillators  on  GaAs  wafers  as 
millimeter  wave  quasi-opticai  power  combined  sources  [1,2] 
exhibit  substrate  mode  power  combining  and  radiation  of 
power  from  the  edges.  Consequently  monolithic  millimeter 
wave  normal  mode  quasi-opticai  sources  do  not  appear  to  be 
possible  whereas  there  is  a  natural  tendency  for  substrate  mode 
power  combining  to  occur. 

Research  has  led  to  a  design  that  exploits  substrate  mode 
power  combining  and  is  compatible  with  standard  monolithic 
fabrication  limitations  for  making  high  electron  mobility 
(HEMT)  transistors.  The  design  can  be  implemented  at  either 
microwave  or  millimeter  wave  frequencies  and  it  avoids  the 
anomalously  high  losses  in  electrically  thin  GaAs  substrates  on 
metal  ground  planes  [3]. 


Design  principles 

A  metal  strip  from  the  HEMT  source  provides  common  source 
series  feedback,  one  from  the  gate  is  terminated  in  an  open 
circuit  and  a  matching  strip  connects  the  drain  to  the  load  as  in 
Figure  1.  Referring  to  Figure  2  all  designs  are  on  the  basis  of 
shielded  inverted  microstrip  circuitry.  The  transistors  and 
metal  strips  are  formed  on  the  surface  of  an  electrically  thick 
dielectric  slab  that  is  separated  by  air  or  a  low  dielectric 
constant  medium  from  a  ground  plane.  The  reverse  side  of  the 
dielectric  slab  is  covered  with  a  shielding  plane  that  extends 
over  the  edges  to  join  the  ground  plane  so  that  a  partially  filled 
rectangular  cavity  resonator  is  formed.  The  required 
oscillation  frequency  and  the  number  of  transistors  in  the  array 
together  with  the  dielectric  slab  and  air  space  determine  the 
internal  dimensions  of  the  cavity  resonator,  the  resonant  LSM- 
mode  for  oscillation  throughout  the  cavity  and  the  electric  field 
distribution  on  the  surface  of  the  dielectric  slab  associated  with 
that  LSM-mode. 

Each  transistor  and  its  associated  metal  strip  circuitry  must  be 
positioned  precisely  relative  to  the  surface  electric  field  as 
shown  in  Figure  3.[4]  There  should  be  no  coupling  between 
each  oscillator  circuit  and  the  cavity  resonance  except  via  a 
coupling  probe  that  is  fed  by  the  drain  in  each  oscillator. 
Transistors  are  placed  at  zero  surface  electric  field  positions 
that  have  the  additional  feature  that  the  metal  strips  connected 


Fig.  1.  The  oscillator  design  test  circuit  for  3.5  GHz. 
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Rg.  2.  Outline  view  of  substrate  mode  power  combiner. 

to  the  transistor  pass  through  electric  fields  that  are  transverse. 
DC  bias  connections  are  also  positioned  in  transverse  surface 
electric  fields. 

Output 

The  combined  output  may  be  coupled  from  the  resonator  by 
means  of  a  partially-filled  aperture  to  air-filled  waveguide  or  a 
partially-filled  aperture  to  radiating  aperture  for  use  as  an 
active  antenna.  Output  coupling  affects  resonant  cavity 
operation  and  oscillator  loading  and  is  incorporated  in  design 
by  mode  matching  analysis. 

Mode  stabilisation  features  [4] 

TTie  design  has  additional  features  that  may  be  incorporated 
depending  on  the  required  oscillation  fi'equency  and  the  most 


Cavity  Length  [  mm  ] 


Fig.  3.  Placement  for  an  LSM303  resonance 


appropriate  technology  (packaged,  chip  or  monolithic 
transistors).  Each  oscillator  may  be  non-invasively  adjusted  in 
fi^quency  by  means  of  a  metal  screw  that  reduces  the  air  gap 
above  the  metal  strip  connected  to  the  gate.  The  oscillator 
frequency  can  be  increased  by  as  much  as  5  percent.  The 
resonant  frequency  of  the  cavity  can  be  reduced  by  as  much  as 
3  percent  by  moving  the  end  wall  opposite  the  output  coupling. 
The  evanescent  fields  that  extend  into  the  airgap  that  is  created 
effectively  add  inductive  reactance  to  that  face  of  the  dielectric 
slab.  Unwanted  LSM  mode  resonances  can  be  suppressed  by 
means  of  metal  probes  and  resistive  probes  that  project 
through  the  dielectric  slab  and  air  space  at  positions  where  the 
desired  mode  has  zero  electric  field.  The  oscillators  are 
coupled  to  each  other  via  the  cavify  LSM  mode  resonance. 
This  gives  rise  to  high  level  injection  locking  over  a  range  that 
is  determined  by  the  external  Q  of  the  oscillators  which  is 
typically  firom  30  to  50.  Non-invasive  tuning  is  only  needed  to 
bring  the  oscillators  within  a  range  of  1  percent  or  so.  External 
injection  locking  is  easily  arranged  via  coupling  to  the 
resonator. 

Design  testing  and  conclusion 

Design  testing  has  been  limited  by  locally  available  technology 
to  microwave  hybrid  fabrication  of  assemblies  on  dielectric 
plates  with  dielectric  constant  10.8.  Oscillation  frequency 
within  1%  and  a  power  efficiency  of  20%  has  been  measured 
for  the  array  of  Figure  3.  The  substrate  combining  resonator  is 
effectively  a  tank  circuit  in  each  transistor  drain  path.  The 
potential  for  classical  high  efficiency  class  C  operation  exists. 
However  transistor  transconductance  delay  may  limit  the 
frequency  of  oscillation  at  which  class  C  operation  may  be 
realised  and  non-linear  design  methods  appear  not  to  have 
been  extended  to  class  C  conditions. 
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Abstract 

An  analytical  model,  matching  the  e3q>eiimental  transport 
diaiBcteiisticsiif  InGaH-OaN/AlOaN-OaN  Modulation-Dq>ed 
Field'ESect  Transistors  (MODFHTs)  at  1 8  GHz,  predicts  that 
0.2S  /im  channel  length  (and  SO  ^on  gate  width)  devices  will 
extend  the  use  of  InGaN-GaN  MODFETs  to  about  60  GHz. 
Calculations  also  show  opeaition  at  elevated  temperatures. 

Introduction 

Wide  energy  gap  semiconductors  such  as  GaN  and  SiC  are 
very  attractive  for  hi^-power  and  high-temperature  electronic 
device  applicationsdue  to  their  excellent  thermal  conductivities, 
large  biedcdown  field  and  their  abiliQr  to  resist  chemical  attack 
[1).  Tranastors  have  been  falxicated  using  SiC  aixlGaN-based 
materials  for  microwave  operation  and  hi^-temperature 
applications  [2,3].  This  paper  focuses  on  design  and  analysis 
of  Modulation-Doped  Field-Effect  Transistor  (MODFET) 
structures  for  microwave  tpplications.  A  Modulation-Doped 
Field-Effect  Transistor  (MODFET)  structure  realized  in  InGaN- 
GaN  material  ^em  is  presented  [4].  An  analytical  model 
predicting  the  transport  characteristics  of  the  proposed 
MODFET  device  is  riso  presented.  Electron  energy  levels 
inside  and  outside  the  quantum  well  channel  are  evaluated.  The 
two-dimenskxial  electron  gas  (2DEG)  density  in  the  channel  is 
calculated  by  self-consistently  solving  SchrOdinger  and 
Poisson's  equations.  The  unity-current  gain  cutoff  fi^uency 
d'tbe  (/the  InGaN-GaN  MODFET  is  computed  as  a  function 
of  the  gate  voltage  .  The  analytical  m^I  is  also  used  to 
calculate  fr  of  an  AIGaN-GaN  MODFET  device.  The  results 
are  compared  with  experimental  ff  valueofaOaN/AlGaN 
HFET  de^ce[3]. 

Device  Structure 

Figure  1  shows  the  cross-sectional  schematic  of  the  InOaN- 
G<W  MODFET  structure.  The  device  structure  consists  of  1 50 
A  thidc  IrioaGa^,^  quantum  well  channel  separated  by  SO  A  of 
undoped  Ino^Gag^N  ^acer  layer  fiom  300A  thick  n-type 
lna,o(Ga,M^  siqjpfyltyer.  The  function  of  the  undoped  spacer 
]sja  is  to  reduce  impurity  ion  scattering.  Thus  the  mobiUty  of 
two-dimensional  electron  gas  (2DEG)  in  the  quantum  well 
channel  is  extremely  higb  as  a  result  of  riKxlulation  doping.  The 


MODFET  structure  is  realized  by  implementing  source  and 
drain  crmtacts,  as  shown  in  figure  1. 

Source  Drain 


#  Gate 


n+  GaN 


i-InyGa,^N 


n-In^Ga,^N 


In^Gaj^N  Quantum  Well 


GaN  Substrate 


n+  GaN 


Figure  1 .  Cross-sectional  schematic  of  the  MODFET 


Device  Modeling 


The  energy  levels  in  the  quantum  well  channel  and  the  electron 
wave  function  inside  and  outside  the  quantum  well  are 
evaluated  tty  self-consistently  solving  SchrOdinger  and  Poisson's 
equations.  The  density  of  two-dimensional  electron  gas  (2 
DEG)  is  expressed  as  a  fimetion  of  the  gate  voltage  Va  as  [S], 


n^{x)  = 


(1) 


where,  is  the  permittivity  of  the  supply  and 

spacer  layers,  4^  and  4  are  the  thicknesses  of  the  supply  and 
^acer  layers  re^)ectively  and  Ad  is  the  average  distance  of  the 
electron  gas  fiom  the  heterointerface[6],  and  is  the 
threshold  voltage  [5]. 

The  current-voltage,  the  transconductnace  and  the  unity  current 
gain  cut-off  ficquency  fr  are  obtained  by  folowing  Chang  and 
Fetterman's  analytical  model  [5]. 
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RESULTS 

The  parameter  used  in  the  calculations  are  listed  in  Table  I. 
Figure  2  shows  the  /^F^and  charcateristics.The  unity 
current-gain  is  calculated  for  the  device  at  300 

Kas  gfaown  in  figure  3.  Figure  3  also  compares  the  fr  values 
ofIhGaN-GaNMODFET  and  an  AlGaN-OaN  MODFET.  The 
AlGaN-GaN  MODFET  structure  is  similar  to  the  InOaN-GaN 
MODFET  with  the  supply  and  spacer  layers  are  being  replaced 
^Al^,5Ga,jjN.  The/f  value  of  these  devices  compare  very 
wdl  with  that  rf  GaN/AlGaN-Doped  HFET  fabricated  hy  Khan 
et  al  (3].  Table  n  shows  fte  c(»nparison  between  the 
e^qwin^tal/,  value  of  the  GaN/AlGaN-Doped  HFET  vrith 
theoretrical^  value  calculated  for  the  InGaN-GaN  MODFET 
and  ^  AlOaN-OaN  MODFET  device.  Based  on  the 
experimental  data,  as  well  as  our  computed  charcteristics,  we 
project  the  usage  of  the  usage  of  the  wide  gap  semicmiductors 
in  the  realization  of  18-30  GHz  power  amplifiers  and  other 
devices  in  near  future.  Using  the  analytical  model  we  also 
predict  that  the  InGaN-G^  MODFET  with  a  0.25  ;rm  channel 
len^  and  50 /tm  gate  width  will  extend  the  operation  of  these 
devices  to  about  60  GHz  as  shown  in  figure  4.  The  calculations 
also  show  opeartion  at  elevated  temperatures  (~  400  ®K). 
Thiu  these  devices  can  be  driven  harder  and  can  be  operated 
at  higher  temperatures. 


Table  I  Parameters  Used  For  Calculations 


QuaatiBi  Wdl  Thkicness 

I5oA 

Chame! 

Lef«tfa(L) 

I.OO/nn 

Sdw(%  Barrier  Height  ) 

U  V 

Qianne!  Width 
(Z) 

ISQum 

Li^  Thidoiess  (d) 

300A 

Thread 

VoIt^gc(VgJ 

.Z32Vdts 

Spacer  Layer  TlucknessCdO 

50A 

SUuntion 

Velod^vJ 

10^  cm/sec 

Supply  Li)fcrDopij«(N,) 

.  10‘*  ■ 
cm** 

1  BaodOOset 
(AEe) 

I  0.1775  cV 

Dielectric  Constant  of  Siipply 
y-0.06 

ZSe. 

Electron 

*nobi%0ij 

tUan’/V. 

tee 

@300*K 

Dielectrk  QanstanI  of  Quntuni 

WeU  Material  (IrgOa^Jhl)  X  «  ^ 

1132 

Electron 

ii>obi%00 

714cm*Ar. 

aee 

@400*K 

Table  IL  Comparis<m  between  GaN/AlGaN  HFET  [31  and 
Proposed  MODFET  devices 


InOaN-OaN 

MODFET 

AtOaN-OaN 

MODFET 

OaN/AlOaN 

HFETI4] 

/r(OHz) 

15.03 

15.11 

18.3 
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Figure  3./^  Kccharacteristics  of  InGaN-GaN  and  AlGaN-GaN 
MODFETs 


Figure  A./rK:  charcteristics  of  InGaN-GaN  MODFET 
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Abstract 

Wc  report  on  the  development  of  high-power,  millimeter- 
wave,  fixed-tuned  balanced  doublers.  The  initial  design  is  for 
a  40-80  GHz  doubler  using  a  linear  array  of  six  planar 
Scbottky  barrier  varactor  diodes.  Each  diode  is  designed  to 
handle  an  input  power  of  34  mW  for  a  total  input  power 
capability  of  approximately  200  mW.  The  design  is  optimized 
for  large  bandwidth  with  the  constraint  that  no  mechanical 
tuners  are  employed.  Emphasis  has  been  placed  on  malfing 
the  design  easy  to  fabricate  and  scalable  to  higher  frequencies. 

Introduction 

There  is  a  demand  for  sources  of  millimeter-wave  and 
submilliroeter-wave  power,  primarily  for  use  as  local 
oscillators  in  heterodyne  receivers  for  remote  sensing, 
atmo^heric  physics,  radio  astronomy  and  a  variety  of : 
laboratoiy-measuremehts.  An  ideal  soui^  for  most  of  these  - 
applications,  and  particularly  for  those  which  involve  space 
qualification,  would  exhibit  high  ouq)ut  power  and  efficiency, 
l^ge  electronically  tuned  bandwidth  (fixed  mechanical 
tuning),  high  tolerance  to  mechanical  and  thermal  stress,  low 
noise,  low  mass  and  low  maintenance. 

Systems  using  frequency  multipliers  based  on  GaAs  Schottky 
varactors  and  a  fundamental  oscillator,  such  as  a  Gurui  diode, 
have  long  been  used  to  achieve  these  goals.  However,  there  is 
typically  an  important  trade-off  between  bandwidth  and 
power.  Multipliers  operating  in  a  purely  varactor  mode 
exhibit  a  relatively  high  Q  and  therefore  tend  to  be  bandwidth 
limited,  while  varistor  nnode  multipliers  have  a  potentially 
large  bandwidth  as  a  result  of  predominantly  real  embedding 
impedances,  but  suffer  from  low  power  handling  due  to  high 
power  dissipation. 

Until  very  recently,  the  most  successful  millimeter-wave 
multipliers  relied  on  whisker  contacted  GaAs  diodes  to  ' 
minimize  shunt  capacitances  and  therefore  allow  high 
frequency  operation  (1].  However,  high  quality  planar  diodes 
have  recently  become  available  [2],  and  several  successful 
millimeter-wave  multipliers  have  been  developed  [3,4],  These 
systems  are  mechanicdly  very  reliable  and  have  exhibited 
high  efficiency  and  power  handling.  Unfortunately,  these 
systems  have  had  rather  limited  fixed-tuned  bandwidth.  In 
this  research  we  will  use  modem  analysis  software  to  design 
the  multiplier  circuit  in  an  attempt  to  increase  the  bandwidth 
while  maintaining  both  power  handling  ability,  efficiency  and 
ease  of  fabrication. 


The  Balanced  Multiplier 
Distributed  filters  are  often  employed  in  multiplier  circuits  to 
separate  and  direct  the  various  harmonic  con^wnents. 
However,  resistive  circuit  losses  in  these  filters  seriously  limit 
performance  at  high  frequencies.  For  this  reason,  we  selected  a 
balanced  doubler  based  on  the  design  developed  by  Erickson 
[1,3,4].  This  approach  eliminates  the  need  for  distributed 
filters  since  harmonic  separation  is  achieved  by  placing  the 
diodes  at  the  junction  between  balanced  and  unbalanced 
transmission  lines,  as  shown  in  Fig.  1. 


TTie  fundamental  frequency  is  incident  on  the  diode  array  in  a 
TEjo  mode  (balanced),  while  the  second  harmonic  is  generated 
in  an  unbalanced  (TEM)  mode.  If  the  input  waveguide  height 
is  sufficiently  reduced  (typically  Vi  height  or  less),  the  TM„ 
mode  for  the  second  harmonic  is  suppressed  in  the  input 
waveguide.  At  some  point  along  the  TEM  line,  the  waveguide 
width  is  reduced  sufficiently  to  cut  off  propagation  of  the 
fundamental  frequency  in  the  TE,o  mode,  thus  creating  an 
effective  fundamental  frequency  backshort 

Since  multiple  diodes  are  used  in  the  balanced  design,  the 
potential  exists  for  relatively  high  power  handling.  Series- 
stacking  of  the  varactor  diodes  has  the  added  benefit  of 
reducing  the  net  capacitance  presented  to  the  external  circuit. 

Multiplier  Design 

Erickson’s  original  design  incorporated  two  whisker  contacted 
diodes  mounted  on  a  metal  post  which  acted  as  the  center 
conductor  for  the  TEM  line  [1],  He  later  made  a  slight 
modification  to  this  design  to  allow  for  a  planar  diode 
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package  [3,4].  However,  the  design  was  never  fully  optimized 
for  planar  diodes. 

We  will  replace  the  metal  post  in  Erickson’s  design  with  a 
quartz  substrate.  The  center  conductor  for  the  lEM  line, 
output  waveguide  probe  and  hammer-head  RF  blocking  filter 
for  the  DC  biasing  network  will  be  photolithographically 
formed  on  the  quartz  substrate.  This  design  allows  for  a  high 
degree  of  flexibility  and  control  of  the  center  conductor 
dimensions  and  therefore  substantial  control  over  the  second 
harmonic  embedding  impedance. 

Concern  over  heat  dissipation  has  prompted  us  to  consider 
three  basic  variations  of  this  design.  In  the  first  variation,  the 
diode  package  will  be  soldered  to  gold  pads  on  a  fused  quartz 
substrate.  Gold  ribbons  will  extend  from  the  pads  to  the 
waveguide  block  for  electrical  and  heat  conduction.  Although 
the  diodes  will  be  operated  in  varactor  mode,  we  predict 
significant  power  dissipation  in  the  series  resistance  of  the 
diode  package.  Using  an  active  layer  doping  of  10”  cm'*, 
buffer  doping  of  4x10'*  cm'*  and  an  anode  radius  of  13  pm, 
we  calculate  a  series  resistance  on  the  order  of  1  Q.  Harmonic 
balance  simulations  indicate  that  each  of  the  six  anodes  will 
dissipate  approximately  5  mW  in  the  series  resistance. 

We  perfohni^  a  first  older  heat  analysis  for  this  arrangement 
where  we  modeled  ail  h^  generated  in  the  series  resistance 
as  a  heat  source  located  in  the  active  region  (anode).  In  an 
attenpt  to  simulate  a  worst  case  scenario,  we  used  a  figure  of 
7  mW  dissipated  per  anode  and  treated  the  center  conductor 
and  fused  quartz  substrate  as  thermally  non-conducting.  This 
resulted  in  an  estimated  temperature  of  nearly  90°C  at  the 
anodes  closest  to  the  center  conductor.  We  repeated  the  heat 
analysis,  but  treated  the  center  pad  of  the  diode  package  as 
connected  to  a  heat  sink  at  27®C.  The  hottest  points,  at  35®C, 
were  the  middle  anodes  between  the  block  and  center 
conductor.  This  clearly  showed  the  inportance  of  providing  a 
good  heat  conduction  path  at  the  center  pad  of  the  diode 
package. 

In  the  second  design  variation,  the  fused  quartz  substrate  is 
replaced  with  a  z-cut  crystalline  quartz  substrate.  The  thermal 
conductivities  for  fused  silica  and  z-cut  crystalline  quartz  are 
approximately  1.4  W'm''*K''  and  14  W*m''"K''  respectively. 

M  a  result,  the  z-cut  quartz  offers  an  improved  heat 
dissipation  path  at  the  center  pad  of  the  ^ode  package. 

In  the  third  design  variation,  a  larger  diode  package  will 
extend  across  the  input  waveguide  and  will  be  soldered 
directly  to  the  block  for  maximum  heat  dissipation.  A  gold 
ribbon  will  coimect  the  center  pad  of  the  diode  package  to  the 
center  conductor  on  the  quartz  substrate.  All  three  variations 
will  utilize  the  same  waveguide  block. 

We  have  used  Hewlett-Packard’s  High  Frequency  Structure 
Simulator  (HFSS)  to  model  all  parts  of  the  waveguide  block, 
quartz  circuit  and  diode  package.  Harmonic  balance 


simulations  using  the  embedding  impedances  calculated  by 
HFSS  indicate  a  3  dB  bandwidth  of  approximately  10-15%. 
HFSS  simulations  of  the  ouq)ut  waveguide  probe,  hammer¬ 
head  filter,  fixed  backshort  and  a  linear  output  waveguide 
transition  to  full  height  E-band  show  excellent  coupling  over  a 
30%  bandwidth. 

Conclusion 

We  have  developed  a  high-power,  40-80  GHz  balanced 
doubler.  The  doubler  uses  a  linear  array  of  6  planar  varactor 
diodes  and  is  designed  for  an  input  power  level  of  200  mW. 
Hie  basic  design  is  modeled  after  the  balanced  doubler 
developed  by  Erickson  [1,3,4].  We  have  simplified  the 
doubler  fabrication  by  replacing  the  metal  pin  in  Erickson’s 
original  design  with  a  photolithographically  formed  gold 
conductor  on  a  quartz  substrate.  This  modification  also  allows 
in^roved  fixed-tuned  bandwidth  due  to  the  increased 
flexibility  in  the  center  conductor  geometry.  Our  design  will 
be  scalable  to  higher  frequencies. 

At  the  time  of  this  report,  the,  waveguide  block  was  being 
machined  and  the  Schottky  barrier  varactor  diodes  were  in  the 
early  stages  of  production  at  the  University  of  Virginia 
Semiconductor  Device  Laboratory.  We  expect  to  have  test 
results  available  for  the  conference. 
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Abstract 

A  frequency  doubler  for  200  GHz  utilizing  a  planar  surface 
channel  Schottky  varactor  is  presented.  The  doubler  em- 
pl(q^  novel  split-waveguide  mount  design  with  two  tunable 
backshorts  at  both  input  and  output  waveguides.  The 
measured  maximum  efBciency  is  7. 1  %  and  the  maximum 
output  power  is  2.6  mW. 

1.  Introduction 

One  of  the  biggest  challenges  of  the  terahertz  community 
is  to  develop  a  reliable  all-solid-state  power  source  with 
reasonable  dc  and  rf  efBciency  [1].  The  aim  of  this  work 
was  to  design,  construct,  and  test  a  planar  Schottky  varac¬ 
tor  frequency  doubler  for  200  GHz  in  order  to  study  design 
methods,  multiplier  structures  and  fabrication  techniques 
applicable  for  frequency  multipliers  at  millimeter  and 
submillimeter  wavelengths. 

The  doubler  utilizes  a  split-waveguide  mount  design  [2], 
which  offers  excellent  tuning  features  with  two  sliding 
backshorts  at  both  input  and  output  (see  Figure  1).  The 
nonlinear  element  of  the  doubler  is  a  UVa  SC6T5-S50  pla¬ 
nar  surface  channel  Schottky  varactor,  parameters  of  which 
are  designed  to  be  simile  to  those  of  the  widely  used 
whisker  contacted  UVa  6P4  Schottky  varactor. 


Bias-filter 


2.  Performance  simulations 

The  performance  of  the  doubler  has  been  analyzed  by  using 
the  multiple  reflections  technique  [3].  The  original  com¬ 
puter  program  presented  hy  Siegel  et  al  has  been  further 
developed  in  the  Radio  Laboratory.  Compared  to  the  origi¬ 
nal  program,  the  developed  program  includes  an  optimiza¬ 
tion  routine  so  that  the  optimum  embedding  impedances 
can  be  found  for  each  operation  point.  The  new  model  of 
the  electron  velocity  saturation  has  also  been  included  in 
the  program  [4]. 

As  shown  in  Figure  2,  the  theoretical  maximum  efficiency 
of  the  doubler  is  44.0  %,  which  is  achieved  with  an  input 
power  level  of  32  mW  and  embedding  impedances  of  (15  + 
/95)£2  and  (30  +  j50)Q.  at  input  and  output  frequencies, 
respectively.  In  the  majority  of  practical  cases  the  maxi¬ 
mum  output  power  is  a  more  interesting  figure  of  merit 
than  the  maximum  efficiency.  In  our  case,  the  maximum 
available  input  power  is  about  50  mW.  Thus,  the  theoreti¬ 
cal  maximum  output  power  of  the  doubler  is  16.5  mW  with 
M  efficiency  of  33.0  %,  which  is  achieved  with  the  same 
impedance  levels  as  the  maximum  efficiency. 


Figure  2.  Theoretical  efficiency  (solid  line)  and 
output  power  (dashed  line). 


3.  Doubler  mount 

The  schematic  of  the  split-waveguide  doubler  mount  is 
shown  in  Figure  1.  The  input  power  is  fed  through  an  in¬ 
put  waveguide  (WR-10)  and  a  quartz  microstrip  low-pass 
filter  to  the  planar  Schottky  varactor.  The  planar  Schottky 
varactor  is  soldered  on  the  microstrip  filter  substrate.  The 
second  harmonic  frequency  generated  by  the  nonlinearity 
of  the  varactor  is  transmitted  by  the  output  waveguide 
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includes  also  E-pIane  anns  to  provide  an  in-line  input  and 
ou^ut  waveguide  flanges.  Furfliennore,  flie  mount  includes 
a  bias  Alter,  flirougb  which  the  applied  bias  voltage  is  fed  to 
the  varactor.  The  bias  filter  is  designed  to  prevent  the  input 
power  fiom  propagating  to  the  coaxial  bias  line. 

The  most  important  advance  provided  by  flie  novel  split- 
waveguide  mount,  is  flie  better  tuning  possibUity.  While  in 
tile  case  of  only  one  tuning  element  only  impedances  on  a 
circle  at  the  Smitii  chart  can  be  matched,  in  the  case  of  two 
tuning  elements,  impedances  over  a  very  large  range  can  be 
niatched.  By  studying  tiie  equivalent  circuit  of  the  mount, 
it  can  bear  seen  Aat  in  ordo*  to  realize  a  good  matching 
property  tiie  most  important  fictor  is  to  select  a  proper 
value  tiie  leng&  of  the  waveguide  between  tiie  E-plane 
arm  and  microstrip  terminal.  In  the  original  design  the 
lengtii  is  Xfl  [2],  which,  however,  does  not  provide  as 
good  performance  that  of  2/2+^5  or  JUl-X/S. 

4.  Measurements 

The  measured  output  power  and  efficiency  versus  input  fie- 
quency  are  shown  in  Figure  3.  The  input  power  level  at  the 
doubler  input  port  is  measured  by  using  a  calorimeter  and 
the  output  power  is  measured  by  using  Tektronix  spectrum 
analyzer  with  an  external  harmonic  mixer  (calibrated  by  us¬ 
ing  a  calorimeter).  During  tiie  measurements  the  input  and 
outyut  matching  as  well  as  the  bias  voltage  are  carefully 
optimizecL 

According  to  tiie  measurements,  the  doubler  works  fiirly 
well  at  input  frequencies  from  90-95  GHz  with  an  efficiency 
better  tiian  6  %  and  outyut  power  level  greater  than  0  dBm. 
The  maximum  measured  output  power  is  4.2  dBm  at  190 
GHz  with  an  input  power  of  15.7  dBm,  while  the  measured 
maximum  efficioicy  is  7.1  %  at  190  GHz  with  an  input 
power  of  13.5  dBm.  At  these  frequencies  the  input  match¬ 
ing  circuit  works  well  with  a  measured  return  loss  better 
ffian  20  dB.  The  optimum  bias  point  is  reached  by  employ¬ 
ing  a  bias  voltage  of  about  -4.0  V. 

At  input  frequencies  above  100  GHz  the  doubler  does  not 
work  well.  The  measured  efficiency  is  smaller  than  1,5  % 
and  the  output  power  level  is  only  about  -10  dBm.  The 
main  reason  for  the  poor  results  is  the  input  marnhing  at 
these  frecpimcies.  According  to  the  measurements,  the  re¬ 
turn  loss  of  the  doubler  input  port  is  only  about  2-3  dB. 
The  bad  matching  combined  with  the  low  maximum  out¬ 
put  power  of  the  available  Gunn  oscillator  decreases  the 
power  delivered  to  the  varactor  and,  thus,  decreases  the  effi¬ 
cient  and  outyut  power  level  significantiy.  Due  to  the  low 
power  level  delivered  to  the  varactor,  tiie  optimum  bias 
point  differs  from  tiiat  used  at  lower  frequencies. 


Figure  3.  Measured  output  power  (dashed  line) 
and  ^ciency  (solid  line). 


5.  Conclusion 

In  tiiis  work,  a  frequency  doubler  for  200  GHz  has  been  de¬ 
signed,  constructed,  and  tested.  The  measured  maximum 
output  IS  4.2  dBm  at  190  GHz,  while  the  measured  maxi¬ 
mum  efficiency  is  7.1  %.  However,  the  experimental  results 
are  below  the  theoretical  values,  especially  at  frequencies 
above  200  GHz.  One  possible  reason  is  that  the  parasitic 
components  due  to  the  planar  chip  are  not  yet  understood 
well  enough. 
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Abstract 

An  integrated  qu^ioptical  fiequency  mult4)Iier  based  on  a 
new  antenna  concept  was  realized  and  measured  at  300  GHz. 
Each  circuit  comprises  a  Schottlg^  varactor,  slot  nntftnna 
MIM-capacitor  and  microstrip  bias  feed.  The  technological 
approach  and  the  RF  performance  will  be  addressed. 


Fig.  1  Schematic  of  the  quasioptical  monolithically 
integrated  300  GHz  frequency  doubler  with  the  new  antenna 
concept 


Introduction 

Quasioptical  submillimeter-wave  frequency  multipliers  have 
increasingly  been  subject  to  research  towards  an  alternative  to 
the  established  waveguide  frequency  multipliers  in  the 
submillimeter-wave  regime  [1]. 

^hofthe  two  frequency  multiplier  elements  shown  in  fig.  1 
integrates  a  Schotdcy  varactor  diode  together  with  a  slot 
antenna,  an  MIM  capacitor  and  a  bias  feed.  The  MIM- 
capacitor  allows  for  external  biasing  of  the  Schottky  diode, 
and  suppresses  the  propagation  of  the  RF  along  flie  bias  feed. 
Moreover,  a  short-circuit  must  be  provided  in  order  to  ensure 
the  recpiired  input  impedance  of  die  antenna 
The  substrate  thickness  together  wife  fee  antenna  dimensions 
were  taken  as  design  parameters  to  optimize  fee  input 
impedance  of  fee  slot  antenna  as  seen  by  fee  diode  terminals 
at  fee  frequencies  of  interest 

The  design  approach  described  in  fee  paper  additionally 
demonstrates  a  bi-directional  radiation  pattern  [2]  of  this  new 
antenna  approach.  This  property  is  aimed  at  applications,  in 
which  fee  output  power  must  propagate  in  fee  direction  as  fee 
reived  one.  It  can  also  be  used  to  separate  between  fee  pump 
side  and  fee  signal  side. 

Polyimide  was  extensively  used  for  two  main  reasons.  On  fee 
one  hand,  it  serves  as  an  isolation  layer  for  fee  MIM-capacitor. 
And  on  fee  other  hand,  it  was  used  to  smooth  fee  surfoce  after 


fee  mesa  etcL  The  febrication  and  technological  aspects  are 
described  in  detail  in  this  papw. 


Design 

The  design  of  fee  quasioptical  frequency  doubler  chip  was 
based  on  a  new  planar  bi-directional  antenna  [2].  At  fee 
fundamental  frequency,  fee  antenna  supplies  fee  Schottky 
diode  wife  pump  power.  At  fee  first  upper  harmonic,  on  fee 
other  hand,  fee  Schottky  diode  feeds  fee  same  anrenna  wife 
output  ^wer.  The  antenna  input  impeciance  resembles  fee 
internal  impedance  of  fee  power  source  at  fee  fimHarnwrital  and 
-  simultaneously  -  fee  upper  harmonics. 

Here  we  diffaentiate  between  feree  distinct  loss  mechanisms. 
The  input  and  output  gaussian  coupling  efiBciency  77*,  [3]  is  an 
indicator  of  fee  matching  betweoi  fee  antenna  and  fee 
gaussian  wav^de  at  fee  fundamental  and  first  upper 
harmonic,  respectively.  The  circuit  conversion  efiBciency  rjc 
from  fee  fundmental  into  fee  first  upper  harmonic  denotes  fee 
percentage  of  power  delivered  to  fee  antenna  by  fee  Schottky 
diode  at  fee  output  fi:equency.  The  radiation  efiBciency  r]„^ 
quantifies  fee  loss  due  to  substrate  wave  at  fee  input  and 
output  frecpiencies. 

Wife  fee  dimensions  of  300  x  15  pm2  on  a  100  pm  thick 
GaAs  substrate,  fee  slot  provides  fee  following  c^cnrlated 
impedances  (fe  =  145  GHz); 

Z.4(/‘o)=(17.9+y96.4)D 

^.4(2/o)=(19.6+yl33)D  (1) 

^^(3/o)=(l&l  +  y'378)D 

leading  to  a  circuit  conversion  efiBciency  of  Tjc  =  17.1% 
(-7.7  dB).  The  spacing  between  fee  two  elements  was  chosen 
to  give  fee  optimal  input  and  outyut  coupling  efiSciencies  to  a 
gaussian  waveguide  tystem  wife  a  half  beam  width  ft,  of  1 8°. 
Based  on  fee  back  side  illumination  of  pump  power,  fee  input 
and  output  coupling  efiSciencies  were  calciilated  at 
rja,  =  24.2  %  (-6.2  dB)  and  rj*,  =  11.3%  (-9.5  dB), 
respectively.  The  radiation  efiBciency  is  77™/  =  13.8  % 
(-8.6  dB)  [2].  Thus,  fee  overall  theoretically  ejqTected 
conversion  efiBciency  of  fee  doubler  is  -32  dB,  without  the  use 
of  external  quasioptical  filters.  The  use  of  external  filters, 
however,  ^uences  fee  antenna  input  impedance,  especially 
when  placing  them  near  fee  chip.  Nonetheless,  they  cxm  be  a 
useful  tool  to  improve  fee  overall  efficiency. 
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Fabrication 

Fig.  2  shows  the  photograph  of  the  antenna  region.  The 
airbridge  is  contacted  to  the  anode  with  5  pm  diameter. 


Fig.  2  SEM photogrcqjh  of  the  antenna  region  of  the  300 
GHz  quasioptical  frequency  doubler  chip. 

In  the  lower  part  of  the  photograph  the  ohmic  contact  area  is 
depicted,  whereas  the  MIM-capacitor  is  indicated  in  the  upper 
part  The  slot  antenna  and  bias  line  are  also  shown.  It  can  be 
shown  that  die  ohmic  contact  is  below  the  sur&ce 
metallization  due  to  the  polyimide  filling  step. 


RF  Performance 


The  RF  performance  of  the  chip  was  characterized  using  the 
measurement  system  shown  in  fig.  3.  The  BWO  delivered  die 
pump  power  to  the  quasioptical  fiequaicy  doubler  chip  at  a 
level  of  150  mW  (21.8  dBm)  at  144  GHz.  This  input  power 
was  focused  to  the  back  side  of  the  doubler  chip.  The  output 
beam  was  found  at  a  tilt  angle  of  26.5®  measured  from  the 
center  axis  of  the  horn  in  the  E-plane  at  288  GHz,  At  this 
angle,  however,  the  horn  antenna  receives  15  dB  less  power 
compared  to  the  main  lobe  direction.  The  power  coupled  into 
die  mixer  at  the  indicated  tilt  angle  of  26.5®  in  the  E-plane 
was  1  pW  (-30  dBm).  The  actual  output  power  of  die 
multiplier  is,  therefore,  35  pW  (-15  dBm),  corresponding  to 
an  overall  conversion  efiSciency  of  -36.8  dB  compared  to  the 
dieoretically  calculated  -32  dB  indicated  in  the  design. 
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Fig.  3  Measurement  setup  of  the  300  GHz  doubler. 


The  deviation  of  the  output  main  lobe  fix>m  the  z-axis  is  an 
indication  of  a  phase  difiference  between  the  two  radiating 
elements.  The  chromium  mask  set  showed  an  inaccura(^  in 
the  size  of  one  of  the  two  anodes.  As  a  conseouence.  the  two 


diodes  were  not  identical.  This  inaccuracy  is  assumed  to  be 
die  primaiy  cause  of  the  direction  change  of  the  output  main 
lobe. 

There  are  also  other  second  order  effects  to  be  considered.  The 
actual  substrate  thickness  of  the  measured  device  was  90 
lun.  This  led  to  an  improved  radiation  eflSciaicy,  while  the 
impedance  matching  was  deteriorated  compared  to  the 
theoretically  computed  circuit  conversion  eflSciency. 
Additionally,  the  e^e  effects  of  the  finite  substrate  and  chip 
mount  were  not  considered  in  the  theoretical  calculation.  The 
higher-lhan-ejq)ected  scries  resistance  of  the  Schotfig^  diode 
also  led  to  a  decease  of  ouQ)ut  power.  Besides,  the 
conductance  of  the  polyimide  film  of  the  MIM  capacitor  was 
not  taken  into  account  Unlike  in  the  design,  the  ou^ut  power 
was  measured  under  fer-field  condition.  This  also  decreased 
file  output  coupling  efiSciency  at  290  GHz. 


Conclusion 

A  quasioptical  monolithically  integrated  submillimeter-wave 
fiecpiency  doubler  circuit  based  on  a  new  antenna  concept  is 
presented.  Besides  the  versatility  of  its  design,  the  employed 
anteima  results  in  a  significant  miniaturization  of  the  chip  size. 
This  is  mainly  due  to  its  direct  impedance  matching  to  the 
Schottky  diode  at  its  terminals,  avoiding  complex  matching 
circuitry  at  two  fiequencies. 

The  bi-directionality  of  the  anterma  can  be  suitable  for  new 
applications,  notably  for  subharmonic  mixers  (or  mixer 
arrays).  The  observed  deviation  of  the  output  beam  is  assumed 
to  be  a  direct  result  of  the  inaccuracies  in  foe  fabrication. 

The  different  loss  mechanisms  were  identified,  and  foe  overall 
conversion  efSciency  was  experimentally  verified.  We  obtained 
good  agreement  between  foe  theoretical  and  measured  output 
to  input  power  ratio. 
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Abstract-  GaAs  Schottky  barrier  multiplier  diodes  generate 
local  oscillator  power  at  frequencies  up  to  one  terahertz-  This 
paper  will  discuss  the  development  of  a  fabrication  process  to 
create  refractory  metal  Schot&y  diodes  with  improved  reliability 
and  lifetime  for  high  power,  lugh  frequency  (^plications. 

LiNTRODUCnON 

Many  sd(^tifi&reseaich  fields  rely  on  heterodyne  receivers 
for  measurements  in  the  millimeter  and  submillimeter 
wavelMig*  regions  (30-3000  GHz)[l].  The  heterodyne  receiver 
translates  the  received  high  frequency  signal  to  a  lower 
fi^quency  where  it  is  easily  amplified  and  analyzed.  To  achieve 
this,  a  local  oscillator  (LO)  source  which  provides  a  signal, 
whose  fiequency  is  close  to  that  of  the  received  signal  is 
required.  Up  to  about  140  GHz,  Gunn  diodes  are  commonly 
used  as  the  LO  sources.  But  as  the  radio  fi'equency  approaches 
the  terahertz  range,  Gunn  diodes  can  no  longer  provide  the 
necessary  power.  Therefore,  for  high  fijequency  sources, 
fiequency  multiplier  diodes  are  used.  These  diodes  can  generate 
sufficient  ouqiut  power  without  degrading  the  sensitivi^  or 
spectral  resolution  of  the  receiver. 

At  high  operating  powers,  reliability  is  a  fundamental 
concern.  The  lifetime  of  the  diode  is  vulnerable  to  chemical  and 
physical  changes  that  are  accelerated  by  electrical  current  and 
high  temperatures  [2].  Therefore,  there  is  a  need  for  thermally 
stable  GaAs  Schottky  barriers  that  can  maintain  device 
diaractaistics  at  high  temperatures  with  little  or  no  degradation. 
Present  Schottky  contact  metals,  such  as  platinum  (Pt),  have 
demonstrated  high  operation  lifetimes  and  reliability.  However, 
when  these  diodes  failed,  the  primary  failure  mechanism  was 
interdiffusion  of  metal  into  the  GaAs  [3].  Therefore,  to  create 
even  more  efficient  and  reliable  diodes  the  investigation  of 
improved  Schottky  contacts  is  necessary. 

In  this  paper,  we  report  a  new  fabrication  process  that 
produces  hi^  quality  titanium  Schottky  contacts.  This  process 
enhances  reliability,  simplifies  fabrication  and  maintains  the 
high  quality  of  the  diode.  We  selected  titanium  (T1)  as  the 
Schottky  contact  metal  because  of  its  high  thermal  stability  and 
relative  nonreactivity  with  GaAs  [4].  The  anode  metallization 
also  incorporates  a  platinum  (Pt)  diffusion  barrier  and  a  soft 
gold  (Au)  cap.  To  demonstrate  this  new  fabrication  process,  a 
prototype  diode  with  the  same  parameters  as  the  UVa-6P4  [6], 
a  very  successful  doubler  to  200  GHz,  is  being  fabricated.  This 
prototype  has  ^  of  20fF,  anode  diameter  of  5  microns,  and 
epitaxial  doping  and  thickness  of  IxlO^cm*’  and  0.4  microns, 
respectively.  The  GaAs  substrate  is  doped  as  high  as  possible 
(~5xl0'*cm'’)  and  is  100  microns  thick. 


n.  "TRADmoNAL"  Diode  Design  and  Fabricahon 
Our  new  fabrication  process  is  adeiivative  of  the  traditional 
electroplated  Pt/GaAs  process  which  has  produced  successful 
diodes  in  our  laboratory  for  over  twenty  years.  A  cross  section 
of  a  whisker  contacted  diode  is  sketched  in  Fig.  1.  The  primary 
dwign  parameters  are  the  qiitaxial  layer  doping  density  and 
fliickness  and  the  anode  diameter.  By  varying  these  parameters 
the  junction  capacitance,  q,,  series  resistance,  R,,  and  the 
bre^down  voltage,  can  be  controlled  [5]. 

After  the  growth  of  the  epitaxial  layers,  the  GaAs  wafer  is 
deed  into  0.2"  x  0.2"  process  wafers.  The  surface  of  the  wafer 
is  thoroughly  cleaned  in  ethanol,  trichloroethane  and  methanol, 
follow^  by  an  oxygen  plasma.  About  500  nm  of  silicon  dioxide 
(SiOj)  is  then  dqwsited  on  the  surface  of  the  wafer  by  chemical 
vapor  deposition. 
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S'iff,  Is  A  schsmatic  viqw  of  the  Schottky 
diode  chip. 

A  positive  photoresist  (PR)  is  spun  on  the  SiOj  and  the  anodes 
m  defined  in  the  resist  by  standard  UV  lithography.  The  wafer 
is  then  etched  in  a  reactive  ion  etcher  (RIE)  to  transfer  the  anode 
pattern  into  flie  SiOj.  About  50  nm  of  oxide  is  left  in  the  bottom 
of  the  anode  wells  to  protect  the  GaAs  surface  during 
subsequent  processing  steps.  After  PR  removal,  the  wafer  is 
lapped  to  about  100  microns  and  an  ohmic  contact  is  formed  on 
the  substrate  using  plated  SnNi/Nl/Au  (alloyed  at  400C ).  The 
wafer  is  then  diced  into  10  mil  x  10  mil  chips  and  each  chip  is 
mounted  onto  a  metal  post  for  anode  plating.  The  plating 
process  involves  carefully  wet  etching  the  protective  SiOj  layer 
in  BOB  (buffered  oxide  etch)  and  electroplating  platinum  and 
gold  onto  the  exposed  GaAs  surfaces.  We  have  used  this 
process  for  many  years  because  it  consistently  yields  the  highest 
quality  contact  as  determined  by  the  diode  ideality  factor  and 
reverse  breakdown  characteristics. 
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ULTEIE  NEW  FABRICATION  PROCESS 

Traditional  e-beam  processes  rely  on  lift-off  to  remove 
dqx>sited  metals  ftom  the  areas  between  the  anodes.  However, 
the  presence  of  PR  during  the  deposition  process  creates  the 
possibility  of  contaminating  the  Schottlty  interface.  Our  new 
process  eliminates  this  problem  through  the  use  of  a 
planarization  technique  to  remove  the  unwanted  metals  [7]. 

The  initial  wafer  preparation,  cleaning,  SiOj  deposition, 
lithography,  RIE  and  ohmic  contact  formation  are  the  !Min<»  as 
oudined  in  the  above  process.  Prior  to  loading  into  the  electron- 
beam  evaporator,  the  protective  SiOj  layer  is  etched  in  BOE  and 
the  wafer  is  dipped  in  a  solution  of  1:25  NH40H:DI  in  an 
attract  to  remove  my  surface  contamination.  After  attaining  a 
vacuum  of  10’’Tbtr,'theSchottlty  contact  (TirSO  nm),  diffusion 
barrier  (PfcSOnm)  and  the  soft  top  metal  (Au:200nm)  are 
evaporated  over  the  entire  wafer. 

The  wafer  surface  is  then  planarized  with  a  layer  of 
photoresist  This  resist  is  then  etched  in  an  oxygen  plasma  to 
expose  the  “field”  metallization  between  the  anodes.  The  field 
metals  are  then  removed  with  a  combination  of  Argon  sputter 
etching  and  wet  chemical  etching,  thus  isolating  the  anodes  and 
^posing  the  underlying  SiOj.  Any  remaining  PR  in  the  anodes 
is  removed  with  oxygen  plasma  and  acetone.  The  wafer  is  then 
diced  into  10  mil  x  10  mil  chips  and  the  fabrication  process  is 
complete. 


VL  SUMMARY 

We  have  developed  a  new  H/GaAs  Schottky  diode 
fabrication  process  which  eliminates  the  possibility  of 
photoresist  contamination  of  the  Schottky  interface.  The  process 
is  much  simpler  than  elecfroplating  and  should  yield  more 
robust  anodes  without  any  loss  of  anode  quality.  Initial 
prototype  devices  have  shown  promising  characteristics  and  we 
expect  to  have  complete  diode  characteristics  and  initial 
accelerated  life-test  results  for  the  conference. 
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Abstract 

Submillimeter  wave  (SMMW)  pulses  of  variable  dura¬ 
tion  have  been  Successfully  generated  using  photo-excited  in¬ 
trinsic  Si  plates  as  SMMW  switches.  SMMW  (214.6Min)  pulses 
with  durations  ranging  from  4ns  to  20ns  have  been  observed. 

Introduction 

Generation  of  free  earners  (electron-hole  pairs)  in  semi¬ 
conductors  irradiated  with  short  laser  pulses  leads  to  a  rapid 
change  in  the  complex  refractive  index  of  semiconductors,  if 
the  photon  energy  exceeds  the  band  gap  energy.  By  controlling 
the  laser-produced  free  carrier  density,  reflection  and  transmis¬ 
sion  of  electromagnetic  waves  in  a  wide  spectral  range  from 
infrared  to  microwave,  can  be  variedflj.  In  the  SMMW  region, 
we  have  investigated  a  technique  for  a  modulation  using  this 
effect[2].  In  this  paper,  the  generadon  of  SMMW  pulses  of  vari¬ 
able  duration  ranging  from  4ns  to  20ns  using  both  a  reflector 
and  a  shutter  as  switches[3],  is  presented. 

Experimental  Set-Up 

The  experimental  set-up  is  illustrated  in  Figure.  1.  The 
optically  excited  Si  plates  had  a  high  DC  resistivity  of  ISkQ-cm 
and  a  thickness  of  800pm.  TTie  parallel  surface  of  each  Si  plate 
acts  as  an  etalon.  The  angle  of  incidence  for  the  SMMW  signal 
was  set  at  about  45  degrees  to  achieve  the  maximum  transmit¬ 
tance  (98%).  The  214.6pm  radiation  from  a  cw  SMMW  laser 
was  directed  onto  a  Si  switch,  SW,,  which  was  excited  (E,)  by 
nanosecond  pulses  from  a  Q-switched  Nd:YAG  laser  (Wave¬ 
length  IS  532nm:SHG).  The  pulses  had  a  duration  time  of  7.5ns 
and  a  repetition  rate  of  lOHz.  The  SMMW  radiation  was  re¬ 
flected  by  dense  free  carriers  generated  in  the  switch,  and  di¬ 
rected  onto  another  switch,  SWj ,  which  was  excited  (Ej)  by  the 
same  YAG  laser  after  a  variable  delay  time.  SW^  acted  as  a 
SMMW  shutter  and  the  delay  time  could  be  adjusted  by  chang¬ 
ing  the  path  difference  between  SW,  and  SWj  from  the  YAG 
laser.  The  energy  densities  of  the  El  and  E2  pulses  irradiated 


onto  Si  plates  were  2.93mJ/cm*  and  1.61mJ/cm*,  respectively. 
The  resulting  SMMW  pulses  were  monitored  by  a  Pt/GaAs 
Schottky  barrier  diode  (SBD)  detector[4].  The  detection  sys- 
-tem  consisted  of  a  SBD,  a  bias  tee,  and  an  AC  amplifier  with  a 
3dB  band  width  from  3Hz  to  980MHz.  The  rapid  response  of 
this  system  was  measured  to  be  about  Ins  by  irradiating  Si  plate 
with  a  3(X)fs  pulse  of  duration. 

Experimental  Results 

Figute.2  shows  an  oscilloscope  trace  demonstrating  the 
switching  action  of  a  single  element.  The  switching  time  was 
measured  to  be  about  7ns.  The  reflectivity  and  the  transmit¬ 
tance  of  the  Si  plates  could  be  changed  from  a  few  %  up  to 
96%,  and  from  98%  down  to  less  than  1%  respectively[2].  The 
decrease  in  the  reflectivity  after  photo-excitation  is  mainly 
caused  by  diffusion  of  excess  carriers  into  the  bulk  semicon¬ 
ductor.  Figure.3  shows  the  measured  temporal  evolution  of 
SMMW  pulses  when  the  width  of  the  transmission  “window” 
of  the  switch  is  varied.  The  width  of  the  transmission  is  deter- 


Fig.  1  Optical  arrangement  for  generating  SMMW 
pulses  of  variable  duration. 
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mined  by  the  delay  time  at  S Wj  between  the  SMMW  pulse  re¬ 
flected  at  SW,  and  the  delayed  portion  of  the  YAG  beam,  E^.  As 
the  delay  time  is  decreased,  the  duration  time  of  the  SMMW 
pulse  becomes  shorter.  The  shortest  duration  time  was  mea¬ 
sured  to  be  about  4ns.  As  the  delay  time  is  shorter  than  10ns, 
the  peak  intensity  of  the  SMMW  pulses  decreases,  because  it 
takes  10ns  to  switch.  The  peak  intensity  of  the  pulses  is  deter¬ 
mined  by  the  duration  time  of  the  pulses  exciting  the  Si  plates. 
Pulses  with  shorter  duration  time  and  higher  peak  intensity  can 
be  generated  by  using  a  picosecond  or  femtosecond  optical  la¬ 
ser. 

Calculated  temporal  evolution  of  the  SMMW  pulses  is 
shown  in  Figure;4.-The  method  of  calculation  is  outlined  in.[5] 
The  temporal  and  the  spatial  distributions  of  free  carrier  den¬ 
sity  in  the  Si  plate  are  obtained  by  solving  a  one-dimensional 
carrier  continuity  equation  which  takes  the  free  carrier  genera¬ 
tion,  the  recombination,  and  the  diffusion  processes  in  account. 
This  yields  the  complex  refractive  index  distribution  by  Drude’s 
theory.  The  temporal  change  of  the  SMMW  optical  properties 
is  then  calculated  by  using  the  matrix  formalism  of  the  theory 


Conclusion 

SMMW  (214.6pm)  pulses  of  variable  duration  have  been 
successfully  generated  using  two  Si  plates  irradiated  with  Q- 
switched  Nd:YAG  laser  pulses.  The  shortest  duration  time  ob¬ 
tained  was  4ns.  Measured  and  calculated  temporal  evolution  of 
SMMW  pulses  were  found  to  agree  fairly  well.  Such  pulses 
might  have  applications  in  time-resolved  spectroscopy  for  the 
SMMW  region. 
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Fig.2  SMMW  signals  measured  in  reflection  and 
transmission  after  532nm  excitation. 
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Fig.4  Calculated  temporal  evolution  of  SMMW  pulses 
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Abstract 

GaAs  Schottky  barrier  diodes  are  used  as  multipliers  and 
mixers  in  the  THz  fiiequency  range.  Whisker  contacted  devices 
with  anode  diameters  below  0.4[tm  have  been  fabricated  fix 
this  region.  In  ord^  to  enhance  the  integration  potential  of 
these,  devices,  some  low  capacitance  (0.25£F)  cylindrical 
devices  are  also  under  development 
Up  to  about  SOOGHz^.the  integration  difticulties  associated 
with  whisker  Contacted  devices  has  led  to  the  development  of 
the  quasi  vertical  approach,  which  offers  a  route  to  competitive 
plan^diodesfl]. 

Whisker  Diode  Fabrication 
A  standard  configuration  (lOOpm  cubic)  chip  featuring  sub- 
0.5fF  capacitance  has  been  fabricated  using  direct-write 
electron  beam  lithography  to  define  sub  0.4Mni  anodes[2]. 


Fig.  1:  Micrograph  showing  sub  0.5  £F  diodes 

These  diodes  shown  in  fig.l,  feature  the  following  DC 
characteristics,  and  will  be  tested  in  a  lOOOGHz  comer  cube 
system:  _ _ 
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In  addition,  we  have  successfully  defined  a  honeycomb  array  of 
220nm  diameter  anodes  in  oxide  on  top  of  30p.m  deep 
cylinders[3],  as  shown  in  fig.2.  It  is  intended  that  these  low 
capacitance  diodes  (expected  to  be  around  0.25fF)  will  be  tested 
in  a  lOOOGHz  waveguide  system. 


in  oxide 

Planar  Diode  Design 

TTie  main  idea  of  the  quasi-vertical  approach  is  to  transfer  the 
optimum  geometry  of  the  substrateless  whiskered  Schottky 
diode  [4]  to  a  planar  device.  Figure  3  shows  the  main  features. 


Fig.  3:  Structure  of  the  substrateless  whiskered  Schottky 
diode  and  quasi-vertical  planar  Schottky  diode 


The  benefits  [5]  of  the  substrateless  Schottky  diodes  are  (a) 
minimum  series  resistance,  (b)  little  affected  by  the  skin  eflfect 
and  (c)  excellent  power  handling  capabilities.  These  benefits 
are  mainly  caused  by  a  reduction  of  the  GaAs  dimensions.  For 
example,  the  reduction  in  lateral  dimensions  (down  to  20  - 
30pm)  reduces  the  series  resistance  caused  by  the  skin  effect 
The  thickness  reduction  (2  -  3)im)  reduces  heating  at  high 
power  levels,  thus  enhancing  the  power  handling  capacity. 
Also,  the  reduced  dimensions  minimise  the  substrate 
conUibution  to  the  series  resistance.  In  the  design  of  planar 
devices,  reducing  stray  capacitances  that  limit  the  performance 
is  irnportant.  There  are  two  major  sources  of  parasitic 
capacitance.  The  main  contribution  arises  from  the  contact 
pads  which  typically  cause  a  parasitic  capacitance  of  10  fF  on 
GaAs  substrates.  In  a  properly  designed  integration,  this 
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contribution  vanishes.  Therefore,  the  main  contribution  that 
has  to  be  reduced  is  the  parasitic  capacitance  of  the  airbridge. 
Using  a  finite-difference  technique,  we  have  investigated  the 
influence  of  the  airbridge  parameters  on  the  parasitic 
c^acitance.  The  most  effective  reduction  was  adiieved  with  a 
high  airbridge  (at  least  two  microns  higher  than  the  diode 
mesa).  Even  with  an  airbridge  width  of  4  microns,  the 
contributions  do  not  exceed  2  fF. 

Fabrication  Technology  &  Results 
The  main  fabrication  issues  associated  with  the  quasi  vertical 
planar  diode  have  now  been  overcome.  These  include  the 
formation  of  small  contacts  fixrm  the  backside  of  the  wafer 
using  a  new  two-stage  spray  etching  technique  (fig.  4). 
Furthermore,  modification  of  the  airbridge  technology  to 
fabricate  the  reduced  dimensions  shown  in  fig.  5,  was  also 
achieved.  ,  - —  - . 


Fig.  4:  Two-stage  etching  technique  for  contact  structure 

The  characteristic  parameters  of  different  planar  diodes  are 
given  in  the  table  below.  The  results  achieved  with  these 
diodes  are  not  maiicedly  different  fi-om  those  of  the 
substrateless  whisker  diodes  with  the  same  diode  parameters. 
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The  parasitic  capacitance  of  single  devices  is  9-10  fF  (this 
value  has  been  subtracted  from  Cjq  and  Cmin  to  make  a 
reasonable  comparison  with  whiskered  diodes  possible).  The 


parasitic  capacitance  is  mainly  due  to  the  contribution  of  the 
contact  pads  (>8fE’). 


Fig.  5;.  SEM-picture  of  quasi  vertical  diode 


Conclusion 

The  fabrication  process  for  producing  sub  0.5fF  capacitance 
devices  has  been  demonstrated,  and  a  batch  of  30  pm 
cylindrical  devices  featuring  —0.25  fF  capacitance  is  near 
completion.  These  devices  are  geared  towards  operation  in  the 
THz  range  in  both  open  structure  and  waveguide  systems.  In 
addition,  the  technology  for  quasi-vertical  planar  Schottky 
diodes  has  been  established.  Several  improvements  in  the 
tecimology  have  made  planar  quasi-vertical  mixer  diodes 
available  with  anode  diameters  of  0.8  pm-2  jim,  and  varactor 
diodes  with  a  very  high  breakdown  voltage  and  an  excellent 
capacitance  modulation  ratio. 
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Abstract 

A  new  millimeter  wave  Gunn  diode  oscillator  employing  a 
combination  of  suspended  stripline  and  evanescent  mode 
resonator  is  develop^.  With  a  35  GHz  diode  rated  at  100 
mW,  stable  power  output  of  more  than  75  mW  is  achieved 
over  a  tuning  range  of  about  3.5  GHz.  The  oscillator  is  simple 
in  fabrication,  cost  effective  and  is  amenable  for  integration 
with  other  planar  circuits. 

Introduction 

Millimeter  wave  oscillators  in  MIC  form  offer  advantages  in 
terms  of  small  size  and  ease  of  integration  with  other  planar 
circuits.  Since  an  oscillator  forms  an  essential  part  of  a 
millimeter  wave  receiver  front  end,  its  development  leading  to 
simplicity  of  fabrication  and  lower  circuit  losses  while 
retaining  the  advantages  of  MIC  fabrication  is  of  considerable 
importance. 

Most  millimeter^waveGunn  diode  oscillators  reported  in  MIC 
form  employ  microstrip  medium  with  varactor  tuning  [1,2]. 
For  applications  not  requiring  electronic  tuning,  microstrip 
oscillator  employing  evanescent  mode  resonator  offers  an 
attractive cost^ffective  solution  [3].  In  the  circuit  reported  [3], 
the  Gunn  diode  is  mounted  inside  a  section  of  evanescent 
mode  waveguide  and  the  output  is  taken  through  a  microstrip 
coupled  to  the  evanescent  mode  guide.  It  is  well  known  that  in 
the  millimeter  wave  band,  the  microstrip  tends  to  be 
excessively  lossy.  A  low  loss  planar  transmission  line  which 
overcomes  this  problem  is  the  suspended  stripline.  In  the 
present  paper,  the  low  loss  feature  of  the  suspended  stripline 
and  the  inductive  property  of  the  evanescent  mode  guide  are 
utilized  to  realize  a  simple,  Ka-band  oscillator,  with  broadband 
performance. 

Oscillator  Configuration 

As  illustrated  in  Figure  1,  the  oscillator  employs  a  suspended 
stripline  terminated  in  an  evanescent  nK>de  waveguide  section. 


O.C.  bias  — I 


Fig.l  Layout  of  evanescent  mode  Gunn  diode 
oscillator  in  suspended  stripline. 


The  evanescent  mode  guide  is  formed  by  simply  extending  the 
suspended  striplbc  channel  (without  the  substrate)  with 
reduced  dimeosioas.  The  Gunn  diode  is  shunt  mounted  at  the 
end  of  the  suspended  stripline.  A  dielectric  screw  is  inserted 
from  the  opposite  side  of  the  substrate  so  that  the  diode  makes 
firm  contact  with  the  strip  conductor.  Unlike  in  (3]  where 
biasmg  the  diode  requires  bonding  a  wire  to  the  anode,  in  this 
configuration  DC  bias  is  easily  provided  through  a  low  pass 
filler  printed  as  part  of  the  suspended  stripline  circuit.  The 
evanescent  guide  section  located  immediately  next  to  the  diode 
presents  an  inductive  load  to  the  Gunn  diode.  Additional 
tuning  screw  is  provided  In  the  vicinity  of  the  diode  to 
facilitate  tuning.  The  output  can  be  taken  either  through  a  K- 
type  coaxial  connector  connected  to  the  suspended  stripline  or 
through  a  Ka-band  rectangular  waveguide  via  a  suspended 
stripline  probe  traxisition.  The  latter  arrangement  is  shown  in 
Figure  1. 
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Equivalent  Circuit  and  Design 

Figure  2  shows  the  equivalent  circuit  of  the  oscillator. 


Fig.  2  Equivalent  circuit  of  oscillator 

The  circuit  elements  L,,  C,  and  constitute  a  x-  equivalent 
circuit  for  the  encapsulation  of  the  diode.  The  diode  is 
supported  in  the  channel  by  means  of  a  brass*metallic  post. 
This  post  is  represented  by  a  T-network  composed  of  a 
capacitance  Q  in  series  and  a  shunt  reactance  consisting  of  the 
series  combination  of  an  inductance  L.  and  a  capacitance  C^. 
L  is  due  to  an  inductive  line  printed  as  part  of  the  matching 
network.  The  capacitance  due  to  the  tuning  screw  is 
represented  as  C„.  The  capacitive  reactance  due  to  accounts 
for  the  phase  variation  of  the  field  across  the  post  in  the 
direction  of  propagation,  due  to  its  finite  diameter. 

The  oscillator  is  designed  at  35  GHz  by  considering  the 
following  main  aspects:  (i)  accurate  modelling  of  the  resonant 
region  taking  into  account  the  equivalent  circuit  of  the  Gunn 
diode,  admittance  due  to  the  mount  and  the  load  presented  by 
the  evanescent  mode  waveguide,  (ii)  compuUtion  of  the 
overall  impedance  of  the  above  network  and  establishing 
resonance  condition,  (iii)  arrangement  for  dc  biasing  the  diode 
through  a  low  pass  filter  and  bias-suppressor  and  (iv) 
transition  from  suspended  stripline  to  Ka-band  output 
waveguide. 

The  device  admittance  is  a  strong  fimetion  of  the  frequency 
and  DC  bias  current  and  a  weak  function  of  the  RF  current 
and  temperature.  The  circuit  admittance  is  a  function  of 
only  the  frequency.  The  criteria  for  circuit-controlled  steady- 
state  oscillation  are  given  by,  Im(Y^  +  YJ  =  0  and 
|Rc(Y4)|  ^  |Rc(Ye)|,  where  Y^  =  G^  +  jB^,  is  the  load 
admittance  transferred  to  the  diode  plane. 

Experimental  Results 

The  oscillator  as  configured  in  Figure  1  is  fabricated  using  a 
MDT  diode  (MG  1018-16)  rated  at  100  mW.  The  output  is 


taken  from  a  Ka-band  waveguide  via  a  suspended  stripline 
probe  transition.  Figure  3  shows  a  graph  of  the  measured 
output  power  versus  the  bias  voltage.  The  oscillator  offers 
more  than  75  mW  of  power  output  at  20®C.  With  a  variable 
short  provided  at  one  end  of  the  output  Ka-band  waveguide 
the  oscillator  could  be  tuned  over  a  frequency  range  of  about 
3-5  GHz  around  35  GHz.  For  oscillator  requiring  coaxial 
output,  this  tuning  is  provided  by  the  tuning  screw  in  the 
evanescent  guide. 


Fig.3  Oscillator  power  output  as  a  function  of  bias  voltage 


Conclusion 

A  new  configuration  of  a  suspended  stripline  Ka-band  Gunn 
oscillator  employing  evanescent  guide  section  as  part  of  the 
resonant  circuit  is  reported.  The  oscillator  permits  easy 
tunability  over  a  bandwidth  of  about  3.5  GHz,  in  addition  to 
offering  advantages  b  terms  of  ease  of  biasing,  small  circuit 
losses  and  ease  of  btegration  with  other  planar  components. 
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Abstract 

The  paper  presents  the  megagauss  generator  installed 
recently  at  the  Humboldt-High-Magnetic-Field-Ceraer  in 
Berlin  and  its  application  to  solid  state  physics.  For  the  first 
time  magnetic  fields  above  200  T  are  routinely  available  for 
reproducible  series  of  infrared  transmission  experiments 
employing  C02-laser  radiation.  New  experimental  results  on 
several  semiconductors  prove  impressively  the  efficiency  of 
our  experimental  setup  for  infrared  magagauss-magneto- 
spectroscopy. 


Introduction 

The  combination  of  high  magnetic  fields  as  a  tuning 
parameter  and  monochromatic  infrared  radiation  as  a  fixed 
energy  probe  has  established  as  one  of  the  most  powafiil  tools 
in  solid  state  research.  Espedally  in  sonicon^ctor  physics 
extremely  high  magnetic  fields  are  well  appreciated,  because 
new  intCTesting  phenomena  are  expected  due  to  the  strong 
quantizing  effects  on  spin  sytems  and  orbital  motion  of  quasi 
Jfree  as  well  as  bound  carria-s.  The  magnetic  field  provides 
not  only  the^  timing  of  electronic  caexgy  levels,  but  defines 
also  via  the  magnetic  length  i  =  -JhleB  a  probe  for  the 
investigation  of  spatial  variation  of  any  potential.  For 
megagauss  fields,  i.e  B^lOO  T,  the  magnetic  length  gets 
smaller  than  2.5  nm,  so  that  magnetic  fields  exceeding  this 
limit  are  most  suitable  for  probing  the  potential  variation  of 
nanostructured  materials.  The  recent  progress  in  pulsed  high 
magnetic  field  technology,  giving  access  to  higher  and  higho- 
fidds,  opens  various  new  possibilities  in  infrared  and 
submillimeter  spectroscc^y. 

Semidestructive  Generation  of  Megagauss  Fields 

The  generation  of  stationary  magnetic  fields  by  the  use  of 
resistive  or  sup^cxmducxing  <x)ils  is  nowadays  limited  to  the 
order  of  30  T  by  Joule  heating  and  the  critical  field  strength, 
respectively.  Recently  36.5  T  have  been  achieved  using  a 
hybrid  magnet  [1].  Highw  fields  are  routinely  available  by  use 
of  nondestructive  pulsed  magnets,  geno-ating  peak  fields 


around  70  T  [2].  For  megagauss  fields  in  reasonably  sized 
laboratory  magnets  the  Lorratz  force  exceeds  the  limit  given 
by  the  mechanical  strength  of  all  materials  known  nowadays, 
resulting  in  inevitable  coil  destruction.  This  calls  for  extreme 
e3q)erimental  techniques.  The  highest  fields  goierated  for 
e^qtaimental  application  by  electromagnetic  or  explosive 
driven  flux  compression  are  of  the  order  600  to  800  T  [3]. 


Figure  1:  Schematic  view  of  the  megagauss  generator.  The 
shaded  frame  indicates  the  Faraday  cage. 


Somewhat  smallo'  fields  can  be  achieved  by  a  discharge  of  a 
fast  capadtor  bank  into  a  small  single  turn  coil  [4],[5],[6]. 
Despite  the  violent  explosion  of  the  coil,  the  sample  space 
remains  unharmed,  since  the  Lorentz  force  causes  a  motion  of 
the  coil  fragments  away  from  the  field  cento-.  This  enables 
the  expaimentalist  to  perform  rqjrodudble  series  of 
investigations  without  sample  destruction,  in  contrast  to  the 
flux  compression  technique. 

Megagauss  techniques  are  so  far  as  well  sophisticated  as 
expensive  and  are  tho-efore  available  in  a  few  spedalized 
laboratorys  in  the  world  only  [7].  To  overcome  this 
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sbortccnning  we  have  designed  and  built  a  megagauss 
generator  nhich  prodnces  fields  above  200  T  within  a  pulse 
loigth  of  5ps  in  a  single  turn  coil  with  a  useful  volume  of 
about  1  cm^  [6].  Higha'  fields  up  to  300  T  are  achievable  by 
redudng  the  coil  diameter.  However,  the  tremradous  shock 
wave  resulting  in  a  trial  of  strength  of  all  parts  of  the 
e3q)erimratal  Mivironmait,  is  not  the  only  difficulty  of  a 
single  turn  coil  experiment  The  conditions  of  very  tiny  space 
for  the  e^)erimental  set-up,  short  time  duraticm  and  the 
presence  of  a  strong  electromagnetic  pulse  during  the  fidd 
generation  require  sophisticated  aq)erimental  techniques. 
Figure  1  shows  a  schematic  view  of  the  gen^tor.  The  &cility 
features  a  new  60  kV  225  kJ  capadtor  bank  design  -with  low- 
inductance  strip-line  connections  and  a  vertical  arrangement 
of  the  coiL  For  reasons  of  safety  and  noise  reduction  a 
Faraday  cage  in  conjunction  with  rpfical  links  is  used  for 
consequent  galvanic  sq)aration  of  tte  field  generator  and 
both,  recording  and  control  equipment,  req)ectivdy.  All  units 
are  synchronized  by  the  delay  trigger  unit  For  spectroscopic 
plications  the  Sps  pulses  are  adequately  resolved  by  10  bit, 

1  GSa/s  data  recording  systems  [8]. 


Figure  2:  Magnetic  Field  pulses  for  55kV  (150  kJ)  capacitor 
discharges  into  single  turn  coils  with  different  inner 
diameters 

Figure  2  shows  the  time  dependence  of  the  magnetic  field 
generated  by  capacitor  discharge  into  coils  with  inn^ 
diameters  ranging  from  5  to  20  mm  at  a  reduced  energy  of 
150  kJ.  For  field  measurements  by  use  of  calibrated  pick  up 
coils  under  the  extreme  conditions  of  the  high  voltage  area  an 


integrated  systen  was  designed  which  combines  the  functions 
of  RC-integration,  attenuation,  digitizing,  intermediate 
storage,  and  electro-optical  convo^sion  in  a  single,  well 
shielded  box.  The  precision  of  the  field  data  was  proved  to  be 
better  than  2%  by  Faraday  rotation  expoiments. 

The  peak  field  of  210  Tesla  obtained  in  a  10x10x3  mm  coil 
(inno-  diameter  x  axial  width  x  conductor  thickness)  is  of 
particular  interest  For  this  coil  size  helium  flow  cryostats  can 
be  used  fw  sample  cooling  [9].  Fdr  room  temperature 
investigations,  \^ere  the  requironoits  concerning  the  useful 
experimental  volume  are  less  restrictive,  smaller  miig  can  be 
used,  thus  extending  the  available  field  range  to  300  T. 

Cyclotron  Resonance 

Cyclotron  resonance  (CR)  is  one  of  the  most  powerful  and 
well  established  tools  in  solid  state  physics.  CR  in  megagauss 
fields  in  particular  offers  a  couple  of  interesfing  possibilities 
as  for  example  the  investigation  of  the  energy  band  structure 


Figure  3:  Infrared  Transmission  vs  magnetic  Field  for  PbSe, 
HgSe,  CdT e  and  Te. 


of  charge  carriers  far  away  from  the  band  extrema.  Moreover, 
the  necessary  condition  for  the  observation  of  cyclotron 
resonance  oOc  x  »  1,  where  00^  is  the  cyclotron  frequency  and 
X  ,the  mean  collision  time,  is  more  easily  to  fulfill  at  higher 
fields  even  for  samples  with  low  carrier  mobility. 
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N-tjpe  PbSe,  epitaxially  grown  on  a  BaFi  substrate  is  used  to 
check  the  suitability  of  our  megagauss  equipm^t  for 
magneto-optical  investigations.  The  expoiment  is  performed 
in  Faraday  geometry  with  the  magnetic  field  oriented  along 
the  (lll)-direction  perpendicular  to  the  q)itaxial  layer.The 
10.8  pm  line  of  a  C02-Iasa'  is  used  as  radiation  source.  The 
radiation  is  focused  on  the  sample  by  means  of  mirror  q)tics. 
A  fest  KfeCdTe  detector  located  in  an  additionally  shielded 
box  outside  the  Faraday  cage  is  used  for  the  detection  of  the 
transmitted  radiation  intensity.  From  the  receiver  mndnlfi  the 
data  are  transferred  to  a  10  bit,  500  MSa/s  transient  recorder, 
by  the  use  of  a  100  MHz  analogue  qptical  system.  The 
temperature  of  the  sample  is  lowered  to  T=60  K  by  a  spedal 
liquid  helium  flow  cryostat,  smfilair  to  that,  describ^  in  [9]. 

Like  all  lV-\9!  semiconductors  PbSe  features  a  direct 
cna-gy  gap  at  thc  L-point  of  the  Brillouin  zone.  This  results 
in  a  nearly  elliptical  Fermi  sur&ce  oriented  alcnig  the  (111)- 
direction.  Therefore  one  can  ejqject  contributions  due  to  two 
diffa-oit  cyclotron  orbits  if  the  magnetic  field  is  oriented 
parallel  to  the  (lll)-direction.  The  upper  curve  in  figure  3 
shows  two  pronounced  resonances  at  magnetic  field  stroigths 
of  B=57  T  and  B=73.5  T,  corresponding  to  effective 
cydotron  masses  of  m*=0.059me  and  m*=0.075m„ 
respectively.  The  excellent  agreonent  of  these  values  with 
previous  e^qperimental  results  [10]  prove  impressively  the 
effidency  of  our  e}q)erimental  setup  for  infrared  megagauss- 
magnetospectroscopy. 

A  &n  of  matmals  has  been  investigated  in  the  same  way  as 
eq)lained  above,  using  different  C02-las«'  lines.  The  second 
curve  from  the  top  in  figure  3  shows  the  field  dq)endeoce  of 
the  transmission  of  10.6  pm  radiation  through  an  epitaxially 
grown  KgSe-layCT  at  T=90  K.  The  resonances  at  B=49  T  and 
B=92  T  correspond  to  effective  masses  of  m*=0.048me  and 
m*=0.091me.  The  low  field  resonance  is  evidently  due  to 
ordinary  bulk  states  in  HgSe,  whereas  the  origin  of  the  second 
resonance  peak  is  not  completely  understood.  We  attribute 
this  high  field  resonance  to  energy  states  of  an  additional  two- 
dimensional  electron  gas  caused  by  the  strong  lattice 
mismatch  between  qiitaxial  layer  and  substrate.  The  shoulder 
in  the  low  field  region  of  the  first  resonance  peak  may  be  due 
to  the  spin  splitting  of  the  cyclotron  resonance  of  quasi  free 
conduction  band  electrons. 

The  cyclotrcm  resonance  of  conduction  band  dectrons  in  a 
q>itaxially  grown  J-dpped  CdTe  layer  is  shown  in  the  third 
curve  of  figure  3.  The  e?q)eriment  was  performed  at  T=65  K 
using  a  wavelength  of  10.22  pm.  The  relativdy  broad 
resonance  peak  at  B=110  T  corresponds  to  an  effective 
dectron  mass  of  m*=0.105me  in  good  agreement  to  low  field 
results. 

The  lowtt  curve  in  figure  3  shows  the  transmission  of  CO2- 
lascr  radiation  (X=10.6  pm)  through  an  unintentionally  doped 
Brigdman  grown  Te-  sample  with  a  thickness  of  0.5mm  at 
room  tenperature.  The  magnetic  field  was  oriented 
perpendicularly  to  the  c-axis  of  the  crystal.  A  distinct 
resonance  line  is  observed  at  a  magnetic  field  of  B=156  T, 
which  can  be  attributed  to  electron  cyclotron  resonance.  The 


effective  mass  deduced  from  the  resonance  position  amounts 
to  m*=0.15me,  in  good  agreonent  with  former  results  [11]. 
The  transmission  curve  suggests,  that  additional  resonance 
peaks  will  occur  at  higher  fields. 
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Abstract 

We  have  used  far  infrared  spectroscopy  to  obtain 
measurements  of  the  effective  masses,  me,  of  electrons  and 
mh,  of  holes  in  GaN  epilayers  with  the  cubic  and  wurtzite 
structure.  In  cubic  structure  epilayers  we  find  that  the 
effective  masses  are  isotropic  as  expected,  with  me  =  0.2 
mo,  and  mh  =  0.8  mo,  where  mo  is  the  mass  of  the  free 
electron.  In  wurtzite  structure  epilayers  we  find  that  the 
effective  masses  normal,  jl,  and  parallel,  II,  to  the 
crystallographic  c-axis  are  unequal,  with  mj_<  mu  for  both 
electrons  and  holes. 

A.  Introduction 

GaN  has  attracted  much  interest  as  a  promising  material  for 
optical  devices  in  the  blue  and  ultraviolet  (UV)  regions  of 
the  spectrum  [1-3],  but  control  of  the  electronic  properties 
continues  to  be  a  major  challenge  to  crystal  growers. 
Unintentionally  doped  GaN  has  in  all  cases  been  observed 
to  be  n-type  [4],  and  undoped  GaN  films  grown  with  GaN 

buffer  layers  still  have  carrier  concentrations  of  about  10^^ 
cm‘^  [5,6]. 

Because  of  the  large  background  electron  concentration, 
high  quality  GaN,  including  p-type  material,  has  been 
difficult  to  grow,  but  there  has  been  much  effort  aimed  at 
doping  GaN  p-type  by  introducing  group  n  and  group  IV 
elements  [4].  Nakamura  et  al  [6,7]  grew  high  quality  p-type 
Mg-doped  GaN  films  on  GaN  buffer  layers  with  hole 
concentrations  of  about  3  x  10^^  cm"^  by  metalorganic 
chemical  vapour  deposition  (MOCVD).  Wang  et  al  [8]  and 
Kim  et  al  [9]  have  grown  Mg-doped  p-type  GaN  films  by 
molecular  beam  epitaxy  (MBE)  with  carrier  concentrations 
of  up  to  10^^  cm"^,  and  4.5  x  10^^  cm’^,  respectively. 
Even  so,  the  experimental  data  on  many  fundament^ 
properties  of  GaN  are  still  incomplete,  including 
information  on  the  anisotropy  of  the  effective  masses  of  the 
free  carriers  in  doped  a-G^  (wurtzite  structure)  material. 
Barker  and  Hegems  used  polarised  oblique  incidence  far 
infrared  spectroscopy  to  investigate  plasmon-phonon 
coupling  in  highly  conducting  n-type  single  crystals  of 
GaN  many  years  ago  [10],  and  reported  that  the  plasma 
frequency  was  isotropic  within  experimental  precision,  but 


investigation  of  the  plasmon  properties  of  high  quality 
doped  a-  and  P-GaN  epilayers  has  received  litde  attention  in 
the  literature  so  far. 

In  this  paper  we  describe  measurements  by  polarised  far 
infrared  oblique  incidence  reflection  spectroscopy  on  a 
selection  of  doped  and  undoped  GaN  samples  on  GaAs  and 
GaP  substrates.  The  technique  enables  us  to  investigate  the 
vibrational  (phonon)  and  collective  free  carrier  (plasmon) 
modes  and  their  coupling  in  these  systems.  Measurements 
in  s-polarisation  probe  the  component  of  the  dielectric 
response  parallel  to  the  plane  of  the  epilayer;  measurements 
in  p-polarisation  probe  both  the  component  parallel  and  the 
component  normal  to  the  plane  of  the  epilayer,  the  relative 
proportions  being  determined  by  the  angle  of  incidence. 

We  observe  so-called  Brewster  and  Berreman  interface  modes 
[11,12]  in  these  structures  and  show  how  they  can  be  used 
as  probes  of  the  structure  and  electronic  properties  of  the 
epilayers.  Dips  in  the  p-polarisation  reflectivity,  described 
as  Brewster  modes  [1 1],  are  observed  when  the  numerator  of 
the  Fresnel  reflection  coefficient  passes  through  zero  due  to 
impedance  matching  in  the  two  media;  a  Berreman  interface 
mode  [11,12]  occurs  in  the  vicinity  of  an  LO  phonon  mode 
if  there  is  a  zero-crossing  of  the  real  part,  £,  of  the  dielectric 
function  in  one  of  the  media  in  a  frequency  range  in  which 
£<0  in  the  second  medium.  We  show  how  assignments  of 
these  modes  can  be  made  by  calculating  dispersion  curves 
and  profiles  of  the  electromagnetic  field  intensities 
throughout  the  structure. 

A  Brewster-type  mode  [1 1]  is  observed  in  the  p-polarisation 
spectra  of  all  samples  at  a  frequency  close  to  the  GaN  LO 
phonon  frequency;  this  mode  couples  strongly  to  plasmons 
propagating  in  the  growth  direction,  so  it  can  be  used  to 
determine  the  plasmon  response  parallel  to  the  c-axis  in  a- 
GaN.  We  have  previously  reported  [13]  that  p-polarisation 
spectra  obtained  from  epilayers  with  cubic  structure  also 
contain  a  Berreman-type  interface  mode  which  implies  the 
existence  of  a  highly  disordered  GaN  boundary  layer  with  a 
much  reduced  LO  phonon  frequency.  The  temperature 
dependence  of  this  mode  has  been  explained  in  terms  of  a 
shallow  donor  level  probably  corresponding  to  nitrogen 
vacancies  [14,15]. 

Wurtzite  structure  epilayers  are  deposited  with  the 
crystallographic  c-axis  along  the  growth  direction,  so 
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careful  analysis  of  both  s-  and  p*polarisation  spectra 
enables  the  components  of  the  dielectric  tensor  of  a-GaN 
for  both  phonons  and  plasmons  normal  and  parallel  to  the 
crystallographic  c-axis  to  be  detennineA  We  ilso  show  Aat 
in  the  case  of  doped  wurtzite  structure  epilayers  the 
spectroscopic  results,  taken  in  conjunction  widi  Hall  effect 
measurements  of  the  carrier  concentration,  can  be  used  to 
obtain  estimates  of  the  effective  masses  of  the  free  carriers 
for  propagation  in  the  directions  normal  and  parallel  to  the 
crystallographic  c-axis. 

B.  Experimental  method 

The  samples  were  grown  by  molecular  beam  epitaxy 
(MBE)  on  GaAs  or  GaP  substrates.  The  epilayers  were 
grown  in  the  wurtzite  (a-GaN)  and  cubic  (P-GaN)  structure 
with  thicknesses  in  the  range  of  0.4  to  2.0  Jim.  The  n- 
doped  epilayers  were  doped  with  Si  and  the  p-doped 
epilayers  were  doped  with  Be  or  Mg.  Details  of  the  growth 
procedures  are  given  elsewhere  [16].  Far  infrared 
measurements  were  made  at  oblique  incidence  at  an  angle  of 
45°  at  300  and  near  77  K  using  a  modified  NPL  cube 
interferometer  as  described  in  detail  elsewhere  [17]. 

C.  Theoretical  analysis 

Calculated  spectra  were  obtained  by  standard  multilayer 
computational  techniques  [17],  the  "layers"  being  vacuum 
for  the  medium  of  incidence,  the  GaN  epilaycr,  and  the 
substrate;  in  cubic  samples  it  is  also  necessary  to  include 
in  the  model  an  additional  thin  (-15  nm)  highly  disordered 
layer  at  the  base  of  the  cpilayer  to  account  for  the  presence 
of  an  unexpected  Berreman-type  interface  mode  in  the 
measured  spectra  [13].  The  dielectric  function  for  the 
substrate  (GaAs  or  GaP)  must  take  account  of  the 
fundamental  lattice  response,  and  for  the  epilaycr  it  must 
include  both  the  free  carrier  response  and  the  GaN  phonons, 
in  the  case  of  wurtzite  epilayers  including  the  effects  of 
anisotropy. 

D.  Results  and  discussion 

Lack  of  space  prohibits  the  presentation  of  detailed  results 
here,  so  we  shall  show  the  measured  p-polarisation  spectra 
for  three  a-GaN  cpilayer  structures  together  with  their 
associated  calculated  dispersion  curves  and  summarise  the 
most  important  results.  Full  details  will  be  published 
elsewhere  [18]. 

In  the  case  of  cubic  epilayers,  the  conventional  plasma 
response  is  observed  in  the  s-polarisadon  spectrum  and  it 
can  be  analysed  to  determine  the  plasma  frequency  for 
propagation  in  the  plane  of  the  epilayers.  Free  carrier 
propagation  in  the  growth  direction  produces  a  plasma 
response  which  couples  strongly  to  the  Brewster  and 
Berreman  modes  mentioned  above,  shifting  their 
frequencies.  Analysis  of  the  Brewster  mode  reveals  that 
there  is  no  observable  anisotropy  in  the  effective  mass  of 
p-GaN  (cubic),  as  expected.  Analysis  of  plasmon-phonon 
coupling  in  the  Berreman  mode  gives  information  on  the 
free  carrier  concentration  in  the  GaN  boundary  layer.  The 
temperature  dependence  of  the  mode  is  explained  by  a 
shallow  donor  level  about  30  meV  below  the  conduction 


band;  similar  behaviour  is  not  observed  in  the  temperature 
dependence  of  the  Brewster  mode,  so  it  is  concluded  that  the 
shallow  donor  level  is  associated  with  the  high 
concentration  of  defects  in  the  boundary  layer,  and  it 
probably  corresponds  to  nitrogen  vacancies  [15]  as  already 
mentioned. 

It  proved  impossible  to  make  Hall  effect  measurements  on 
a  Be-doped  p-type  cubic  GaN  sample,  and  this  was 
attributed  to  loss  of  electrical  continuity  across  the  surface 


Figure  1.  Measured  p>-polarisation  reflection  spectra  of  three 
a-GaN  (wurtzite)  epilayers  on  GaAs  substrates  in  the  GaN 
reststrahl  region.  Curve  a  corresponds  to  an  undoped 
cpilayer.  Curves  b  and  c  correspond  to  Si-doped  n-type 
epilayers  with  carrier  concentrations  of  8.7  x  10^^  and  5.3 
X  10^^  cm*^,  respectively.  Inset:  enlargement  of  the  dip 
due  to  the  Brewster  mode  near  750  cm‘^ 

due  to  the  columnar  structure  of  the  cpilayer.  However,  far 
infrared  measurements  on  this  sample  revealed  the  plasma 
response  in  the  usual  way,  demonstrating  that  far  infrared 
spectroscopy  can  be  a  useful  non-contact  method  for 
investigating  free  carrier  properties  when  more 
conventional  methods  fail.  The  most  likely  explanation  is 
that  the  amplitude  of  the  oscillations  of  the  free  carriers  due 
to  the  far  infrared  beam  at  frequencies  in  the  range  of  the 
plasmon  frequency  is  too  small  to  be  impeded  by  any 
discontinuities  due  to  the  columnar  structure. 

In  a-GaN  (wurtzite)  epilayers,  the  s-  and  p-polarisation 
reflection  spectra  probe  the  two  orthogonal  components  of 
the  plasma  response  in  a  similar  way.  The  results  reveal 
anisotropy  of  the  plasma  frequency,  and  hence  of  the 
electron  and  hole  effective  masses.  However,  no  Berreman 
mode  is  observed,  mainly  due  to  the  phonon  damping 
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parameter  being  significantly  larger  in  a-GaN  epilayers 
than  in  P-GaN,  so  that  in  this  case  attenuation  of  the  far 
infrared  beam  in  the  GaN  epilayer  prevents  coupling  to  the 
Berreman  mode  which  propagates  along  the  interface 
between  the  GaN  and  the  boundary  layer. 

In  Fig.  I  we  show  the  measured  p-polarisation  reflection 
spectra  of  three  a-GaN  epilayers  in  the  GaN  reststrahl 
region  of  the  spectrum.  The  dips  at  535  cm"*  arise  from 
interference  between  the  rays  reflected  off  the  top  and 
|x)ttom  surface  of  the  epilayer.  The  frequency  of  this  feature 
is  a  useful  probe  of  epilayer  thickness,  indicating  here  that 


Figure  2.  Calculated  dispersion  curves,  a,  b,  c,  for  the 
Brewster  modes  of  the  three  samples  shown  in  Fig.  1. 

the  three  epilayers  have  the  same  thickness.  It  can  be  seen 
that  the  frequency  of  the  minimum  near  750  cm"*  (the 
Brewster  mode)  shifts  in  position  due  to  plasmon-LO 
phonon  coupling  according  to  the  concentration  of  free 
camere.  Fig.  2  shows  calculated  dispersion  curves  showing 
the  shifts  in  frequency  of  the  Brewster  mode  corresponding 
to  the  three  spectra  shown  in  Fig.  1. 

E.  Conclusions 

We  find  that  the  effective  masses  in  P-GaN  are  isotropic,  as 
expected,  with  mg  =  0.2  mg,  and  mjj  =  0.8  mg,  where  mg 
is  the  mass  of  the  free  electron.  In  a— GaN  epilayers  we 
find  that  the  effective  masses  normal,  j_.  and  parallel,  II,  to 
the  crystallographic  c-axis  are  unequal,  with  mej_~  0.73 
™ell  "•  0-28  ntg  and  mj,!-  0.81  mh||  -  0.88  mg.  These 
values  of  the  electron  effective  masses  are  slightly  larger 
than  previously  reported  [10,19]. 
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Abstract 

We  rqxrt  generadon  of  continuous-wave  terahertz  radiation 
and  its  application  to  mdecular  ^)ectrosccipy.  Ibe  THz 
radiation  is  generated  by  die  photomixing  two  grating- 
giahiiiy^  diode-lasers  in  a  photoconducdve  antenna  based  on 
low-temperature-grown  GaAs.  An  ou^  power  bqmd  10  nW 
at  frequencies  around  1  THz  and  the  long-term  stal^ty  of  about 
5  MHz  was  achieved.  This  source  is  used  to  the  transmission 
spectroscopy  of  CO  and  CHjCN  mdecules,  and  lines  with  1% 
level  absorption  were  clearly  resdved  with  a  simple  amplitude 
modulation  technique.  The  eiqierimental  results  indicate  the 
potential  power  diis  source  for  die  high-rcsoIution 
spectroscopy  at  THz  frequencies. 

1.  Introduction 

The  recent  development  of  ultra&st  optoelectronic 
devices  has  enabled  us  to  generate  coherent  terahertz  (THz) 
radiation  by  photcxnixing  two  lasers  in  photoconducdve  devices 
[1-3].  Very  recendy,  the  applicadon  <rf  such  a  THz  source  to 
molecular  spectroscopy  by  using  two  stalilized  (<»c  for  dxed 
and  another  for  tunable)  dye  lasers  was  repated.[4]  Although 
dye  lasers  have  advantages  in  power  and  wavelength  tunabUity, 
diode  lasers  are  preferred  foe  their  compactness  in  pracdcal  use. 
In  this  paper  we  rqxxt  the  generadon  of  continuous-wave  THz 
radiadon  by  photomixing  of  two  stalilized  diode  lasers  in  a 
dipole  photoconducdve  antenna  made  with  low-temperature- 
grown  GaAs  (abbreviated  hereafter  as  LT-GaAs),  and  results  of 
transmission  qiectroscopy  for  gaseous  molecules  (CO  and 
CH3CN),  as  a  demonstradon  of  THz  radiadon  scxirce  in  high- 
tesoludon  spectroscopy. 

2.  Expermient 

Figure  1  shows  die  experimental  setiqi  for  the 
transmission  measuremeoL  The  laser  sources  were  two  diode 
lasers  stabilized  by  optical  feed-back  with  gratings  in  external 
cavities,  providing  an  ouqwt  power  of  about  100  mW  each.  The 
lasing  fr^uency  was  centered  approximately  at  820  run  and  830 
nm,  reflectively,  and  could  be  tuned  over  nm  by  rotating  the 
gating  for  each  laser.  The  fine  tuning  and  die  sweqi  of  the  laser 
frequency  was  done  using  the  PZTs  altadied  on  the  backside 
of  the  gratings.  The  sweeping  range  of  about  10  GHz  was 
available  without  the  mode  hopping.  The  two  laser  beams  Were 
combined  with  a  beamsplitter  cube  and  then  focused  onto  the 
gap  of  a  30  pm-long  photoconducdve  dipole  antenna  febricated 


Fig.  1  Schematic  view  of  the  experimental  set  up  for  the 
transmission  measurement 

on  a  LT-GaAs  [3]  after  passing  throu^  a  mechanical  chopper 
for  the  lock-in  detection.  The  LT-GaAs  was  a  1.5  jxm-thick 
GaAs  layer  grown  by  MBE  at  250°C  on  a  semi-insulating  GaAs 
and  annealed  at  600  *C  after  the  growth.  The  carrier  lifetime 
measured  in  a  time-resolved  reflectance  measurement  was  about 
0.5  ps  [5].  A  DC  Has  voltage  of  20  V  was  applied  to  the  3  pm- 
gap  of  the  dipole  antenna  and  the  uiddcnt  laser  power  on  the 
gap  was  30  mW.  A  3-mm-diameter  high-resistivity  silicon 
hemispherical  lens  was  attached  on  the  back  side  of  the  GaAs 
substrate  to  avoid  reflection  loss  at  the  substrate-air  interface. 
The  difference  frequency  of  the  two  lasers  was  measured  by  a 
wavemetcr  with  an  accuracy  less  than  100  MHz.  The  electro¬ 
magnetic  wave  emitted  from  the  photoconducdve  antenna  was 
collimated  with  a  FA).8  paraboloidal  minor.  The  THz  beam 
passed  through  a  gas  cdl  with  28-mm  diameter  windows  made 
of  Teflon,  in  which  the  sanq)le  gases  to  be  measured  were 
contained,  and  was  focused  into  a  4.2  K  silicon  composite 
bolometer  with  a  F/1.6  paraboloidal  mirror.  For  f)ectroscopic 
measurements  we  swept  the  frequency  of  one  laser  with  a  rate  of 
about  1  scan/min,  fixing  the  frequency  another  laser. 

3.  Results  and  discussion 

With  the  30-mW  laser  excitation  we  obtained  an  ouqjut 
power  of  about  14  nW  at  frequencies  (rf  about  1  THz.  The  long¬ 
term  (—1  sec)  fiequency  stability  of  the  radiation  measured  at  40 
GHz  with  a  RF  spectrum  analyzer  was  about  5  MHz  (FWHM). 
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Hg.  2  (a)  Transmission  spectra  for  CHjCN  with  the  fine 
structure  for  the  lines  with  7=72-73,  K=0-1,  and  (b)  the 
expanded  spectra  for  K=0  and  1. 

Figure  2(a)  shows  the  measured  transmission  spectrum 
for  CH3CN  at  a  pressure  of  0.2  Torr.  With  a  13  GHz  scan  ai 
around  1.336  THz,  the  fine  structure  of  the  lines  cocreqxnding 
to  the  pure  rotational  transition  of  7=72-73  with  K=0-7  was 
clearly  observed.  The  base-line  fluctuation  of  several  percent 
was  caused  ly  optical  fiinges.  The  fringes  with  foe  period  of 
about  150  MHz  arise  from  foe  standing-wave  in  foe  q)acing 
between  foe  source  and  foe  detector  (~1  m).  Figure  2(b) 
shows  foe  detailed  spectrum  for  Ar=0  and  1  obtained  by  setting 
foe  scan  range  to  about  200  MHz.  The  two  lines  with  a 
separation  of  25.7  MHz  were  clearly  resdved.  The  measured 
linewidfo  was  approximately  10  MHz,  and  is  consistent  with  foe 
total  line  broad^ng  estimated  fixxn  foe  source  linewidfo  of  -5 
MHz,  foe  Doppler  width  of  -13  MHz,  and  foe  pressure 
broadening  of -1 MI^ 

The  CO  gas  includes  isotopes  of  ‘^CO  and  C’*0  with 
Suctions  of  -1%  and  -0.2%  in  their  natural  abundance, 
respectively.  We  tried  to  observe  foe  lines  of  these  isotopes  with 
foe  iHesent  qjectrometer.  Figure  3(a),  (b),  and  (c)  show  foe 
measured  qiectra  for  foe  pure  rotational  transitions  of  7=12-13 
frjT  ‘*CO,  “CX)  and  C'*0,  respectivdy.  The  gas  pressure  was 
about  2  Torr,  and  foe  absorbance  of  foe  isotopes  was  estimated 
to  be  -100%  for  -5%  for  "CO  and  -1%  for  C‘*0.  The 
measured  absorbance  showed  good  agreonent  with  foe 
predicticHi. 


In  conclusion,  a  transmissicm  spectroscopy  for  CH3CN 
and  CO  gases  was  successfully  carried  out  using  foe  photomixer 
pumped  with  two  stabilized  diode,  and  foe  results  indicate  that 
this  system  is  pixxnising  as  a  ccmpact  THz  radiatiai  source  fix- 
foe  hi^-resoluticxi  spectroscopy. 


Fig.  3  Transmission  spectra  for  CO  gas  at  a  pressure  of  2  Torr; 
(a)  spectrum  for  (b)  for  "CO,  and  (c)  for  C'‘0. 
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-  Abstract 

Tunable  far-infiared  radiation  in  the  6  to  8  THz  region 
was  generated  by  mixing  CO2  laser,  ‘^NHs  laser,  and 
microwave  radiations  in  a  W-Co  metal-insulator-metal  diode. 
This  lar-in&ared  radiation  was  used  to  accurately  measure 
torsion-rotation  transitions  of  CH3OH. 

Introduction 

High-resolution  spectroscopy  is  difficult  in  the  5-10 
THz  region  of  the  &r-infiared  (FIR),  because  tunable, 
coherent  radiation  is  difficult  to  produce.  Fourier  transform 
spectroscopy  (FTS)  covers  this  region,  but  its  ^ical 
resolution  is  about  50  MHz,  and  its  accuracy  is  limited  to 
about  3  MHz.  A  tunable  &r-infrared  (TuFlR)  spectrometer 
based  on  the  difference  frequency  of  two  CO2  lasers  generated 
in  a  metal-insulator-metal  ( MIM )  diode  [1]  provides  tunable, 
coherent  FIR  radiation  up  to  6.5  THz  [2]  with  a  frequency 
uncertainty  of  14  kHz  [3];  however,  the  maxi  mum  FIR 
fi^quency  is  limited  by  the  maximum  fi^uency  difference 
between  two  CC)2  lasers.  To  generate  tunable,  coherent 
radiation  above  6.5  THz,  we  replaced  one  of  the  two  CO2 
lasers  in  a  traditional  TuFTR  spectrometer  with  an  optically 
pumped,  mid-infiared  '^NHs  laser  which  has  several  lines  at 
lower  frequency  than  the  CO2  laser. 

Experimental  Details 

A  block  diagram  of  the  spectrometer  is  shown  in  Fig.  1. 
The  ammonia  laser  is  optically  pumped  by  a  CO2  laser  with  a 
power  of  about  18  W.  A  grating  selects  one  of  five  '^NHj 
laser  lines,  aP(4,0),  aP(4,3),  aP(5,3),  aP(6,0),  or  aP(6,3), 
with  ^ical  power  of  300-600  mW.  More  details  of  this  laser 
are  described  elsewhere  [4].  A  CH3OH  absorption  cell  blocks 


any  residual  CO2  laser  radiation  superposed  on  the  ammonia 
laser  beam.  The  ammonia  laser  is  stabilized  to  the  center  of 
the  saturated-absorption  dip  in  low  pressure  ammonia,  using 
its  third-derivative  signal  as  an  error  signal  [5].  Frequency 
accuracy  is  100-150  kHz.  The  ’^3  laser  frequencies  are 
reported  in  Ref  6. 

The  ammonia  laser  radiation  (frequency,  vj)  is  mixed 
with  CO2  laser  radiation  (V2)  in  a  W-Co  MIM  diode.  This  CO2 
laser  is  stabilized  to  the  saturation  dip  in  a  4.3  ^m  florescence 
signal  of  CO2  with  the  traditional  If  servo  technique.  The  CO2 
reference  fiequencies  are  reported  in  Ref  7.  Typical  incident 
powers  are  150  mW  for  the  CO2  laser  and  100-150  mW 
for  the  ’*NH3  laser.  Several  milliwatts  of  microwave  radiation 
from  the  synthesized  sweeper  (1  ^  vmw  ^  20  GHz)  is  also 
coupled  onto  the  diode.  The  W-Co  MIM  diode  generates  two 
tunable  FIR  frequencies  equal  to  vrr  =|vi-V2|±vmw.  The 
synthesized  FIR  frequency  is  changed  by  tuning  the 


Fig.l.  Block  diagram  of  the  TuFIR  spectrometer  based  on  the 
deference  frequency  of  '^NHs  and  CO2  lasers. 
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Fig.  2.  Observed  spectral  line  of  the  A,  (n,  K,  J)  = 
(1,5,12)<-(0,4,11)  transition  of  CHjOH  at  7.6  THz.  The  measured 
spectrum  is  the  solid  line  and  the  fitted  spectrum  is  the  dashed  line. 

microwave  source.  The  generated  FIR  radiation  is  collimated 
with  an  off-axis  parabola  and  sent  through  a  1.1  m  long 
sample  cell.  It  is  then  detected  by  a  gallium-doped  germanium 
(Ge:Ga)  photoconductive  detector  with  an  8-16  pm  diamond 
scatter  filter  used  to  reduce  the  infrared  radiation  for  X<  14 
pm.  A  20  cm  long  cell  of '^NHs  at  133  Pa  is  placed  in  fi’ont  of 
the  sample  cell  to  eliminate  any  residual  laser  radiation. 
The  fi’equencies  of  both  lasers  are  modulated  at  450  Hz  with 
opposite  phases  for  fi^uency  stabilization;  hence,  the 
generated  FIR  fi^uency  is  also  modulated  with  an  amplitude 
of  a  few  megahertz.  The  detected  signal  is  demodulated  by  a 
lock-in  amplifier  operated  in  the  If  mode.  Both  the 
microwave  sweeper  and  the  lock-in  amplifier  are  computer 
controlled,  and  the  first-derivative  curve  of  the  absorption  is 
recorded  on  the  computer. 

Results  and  Discussion 

CH3OH  was  chosen  as  a  sample  gas  because  of  its  rich 
torsion-rotation  spectrum  over  6  THz.  CH3OH  pressure  was 
around  1.3  Pa  and  five  transitions  fiom  6  THz  to  8  THz  were 
measured.  A  plot  of  the  observed  absorption  from  the  A, 
(n,K,J)=(l,5,12)<-(0,4,ll)  transition  at  7.6  THz  is  shown  in 
Fig.  2,  where  n  is  the  torsional  quantum  number.  The 
measured  transition  frequencies  are  reported  together  with 
their  la  uncertainties  in  Table  1.  The  frequency  uncertainties 
1  MHz)  are  much  less  than  those  of  FTS.  Both  reduced 


Table  1.  Observed  Frequencies  of  CH3OH 


transition 

observed  frequency 

svmm.,  (n',K',J04-(n",K".r) 

(MHz) 

A(2,8,18>(-(1,7,17) 

A(3.6,6)<-(2,5,5) 

E,(l,-4,9)<-(0,-3,9) 

A(1.5,12)<-(0,4,11) 

E,  (1,-4,15)<-(0..3,14) 

6  567  405.01(32)* 

7134  675.03(73) 

7  134  730.84(117) 

7  658  033.06(76) 

7  851  003.94(75) 

*  The  numbers  in  parentheses  are  the  estimated  la  uncertainties  in 
units  of  the  last  quoted  digits. 

MIM  diode  efBciency  and  reduced  detector  sensitivity  are 
responsible  for  the  larger  frequency  uncertainty  above  7  THz. 
We  us^  third-order  generation,  in  which  tunable  FIR 
radiation  is  obtained  with  two  CO2  lasers  plus  microwave 
sid^ands,  because  of  its  wide  tuning  range  (±20  GHz). 
However,  second-order  generation,  in  which  tunable  FIR 
radiation  is  obtained  with  a  tunable  waveguide  CO2  laser 
without  microwave  sidebands,  may  provide  higher  frequency 
operation  because  it  produces  several  times  as  much  FIR 
power.  Furthermore,  a  Ge:Be  photoconductive  detector  is 
more  sensitive  than  a  Ge;Ga  detector  in  the  6-10  THz  region. 
With  second-order  generation  and  a  Ge.Be  detector,  this 
TuFIR  technique  should  be  applicable  up  to  ~10  THz. 
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Abstract 

In  recent  years,  a  number  of  millimeter-wave  cloud 
radars  have  been  built  and  are  being  used  in  both  ground- 
based  and  airborne  applications.These  instruments  take 
advantage  of  several  major  technological  developments 
that  have  only  recently  become  commercially  available: 
1)  Compact,  high-power  Extended  Interaction  Klystron 
Amplifiers  suitable  for  operation  in  the  35  and  95  GHz 
atmospheric  transmission  windows,  2)  Millimeter-wave 
LNAs  improving  noise  performance  by  several  dB,  and 
3)  solid-state,  low-loss  switches,  allowing  pulse-to-pulse 
polarization  agility.  Cloud  radars  operating  in  the  atmo¬ 
spheric  transmission  windows  at  35  and  95  GHz  benefit 
from  the  strong  frequency  dependence  (/^)  of  backscat- 
tering  cross-section  for  small  cloud  particles.  Thus, 
millimeter- wave  cloud  radars  with  1-2  m  diameter  anten¬ 
nas  and  kW  level  transmitters  achieve  similar  sensitivity 
to  microwave  radsirs  with  large  antennas  and  MW  level 
transmitters.  These  advantages  are  cmdal  for  airborne 
and  mobile  applications:  millimeter-wave  cloud  radars 
are  now  being  used  in  a  number  of  small  aircraft  and  may 
someday  be  used  for  monitoring  the  global  distribution  of 
clouds  from  space. 

Overview  of  Millimeter- wave  Cloud 
Radars 

Since  the  early  1950s,  millimeter-wave  radars  have  been 
used  for  scientific  studies  of  non  precipitating  clouds  [1]- 
[4].  These  instruments  were  more  sensitive  to  small  cloud 
particles  than  conventional  microwave  radars  and  pro¬ 
vided  new  insights  into  the  rich  small-scale  structure 
of  clouds  and  precipitation.  However,  there  were  sev¬ 
eral  drawbacks  to  these  early  millimeter-wave  radar  sys¬ 
tems  that  prevented  their  widespread  use.  These  prob¬ 
lems  included:  lack  of  solid-state,  low-noise  millimeter- 
wave  components,  such  as  sources,  mixers  and  ampli¬ 
fiers,  which  resulted  in  noisy  and  unreliable  receivers;  2) 
scarcity  of  other  millimeter- wave  componentry,  such  as 
antennas,  switches,  and  circulators;  3)  the  lack  of  devices 
and  techniques  for  achieving  phase  coherence,  which  lim¬ 
ited  cloud  radars  to  backscattered  power  measurements; 
and  4)  limited  understanding  of  propagation  and  scat¬ 
tering  at  millimeter-wavelengths.  These  limitations  per¬ 
sisted  through  the  1970s,  and  prevented  millimeter-wave 


cloud  radars  from  filling  operational  needs  such  as  pro¬ 
viding  information  on  cloud  top  and  base  height,  melting 
layer  height,  and  number  of  cloud  layers. 

Modem  millimeter-wave  cloud  radars  resemble  their 
predecessors  in  many  respects,  but  their  performance 
and  reliability  are  considerably  enhanced  by  advances  in 
millimeter-wave  and  digital  technology  during  the  past 
two  decades.  Solid-state  low  phase  noise  sources,  low- 
noise  mixers,  and  amplifiers  are  now  widely  available 
from  commercial  sources,  as  well  as  power  tubes,  in¬ 
cluding  compact  Extended  Interaction  Klystron  Ampli¬ 
fiers  (EIAs)  operating  at  up  to  15  percent  duty  cycle 
and  providing  more  than  50  dB  gain  and  1.5  kW  peak 
power  output  at  35  and  95  GHz.  The  availability  of  low- 
loss  switches  and  latching  circulators  has  made  pulse-to- 
pulse  polarization  agility  practical,  which  now  permits 
the  study  of  cloud  particle  shape,  orientation  and  angu¬ 
lar  distribution  through  polarimetric  techniques. 

Cloud  Radar  Development  at  Quadrant 
Engineering 

Quadrant  Engineering  has  recently  developed  a  num¬ 
ber  of  groimd-based  and  airborne  millimeter-wave  cloud 
radars  for  customers  in  the  US  and  abroad.  Based  on  a 
polarimetric  design  developed  at  the  University  of  Mas¬ 
sachusetts,  these  instruments  measure  the  complex  scat¬ 
tering  matrix  of  the  scene  by  transmitting  a  pair  a  orthog¬ 
onally  polarized  pulses  in  rapid  succession.  Covariances 
of  the  individual  terms  of  the  scattering  matrix  are  then 
used  to  compute  meteorological  radar  parameters  that 
give  insight  into  cloud-particle  orientation,  shape,  degree 
of  randomness  and  anisotropy. 

GKSS  95  GHz  Mimcle  Radar 

A  photograph  of  a  95  GHz  system,  developed  for  GKSS 
Research  Center  in  Geesthacht,  Germany,  is  shown  in 
Figure  1.  Parameters  for  this  radar  are  presented  in  Ta¬ 
ble  1.  The  radar  employs  a  VKB246IT5  grid  modulated 
EIA  built  by  CPI-Canada  (formerly  Varian-Canada). 
The  receiver  front-end  employs  a  balanced  mixer  followed 
by  microwave  LNA  to  achieve  a  noise  figure  of  8.5  dB, 
excluding  front-end  losses.  HEMT  LNAs,  used  in  subse¬ 
quent  systems  built  by  Quadrant,  were  just  coming  on  the 
market  at  the  time  and  were  not  included.  Conunercially- 
available  HEMT  LNAs  delivered  in  1996  exhibited  noise 
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Fig.  1.  Photograph  of  the  GKSS  Miracle  system  built  by  Quadrant 
Engineering  (Photo:  courtesy:  GKSS  Research  Institute). 


figures  of  5.0— 5.5  dB  at  95  GHz.  More  infonnatioii  re¬ 
garding  the  radar  system  can  be  found  at  the  Miracle  web 
site:  http:/ /w3.gkss.de/deutsch/Radar/miracle.html 
Figure  2  shows  a  time-height  cross-section  of  radar 
reflectivity  in  dB,  dBZg,  where  Zg  is  the  sixth  moment 
of  the  drop-size  distribution  as  estimated  from  the  radar 
po^  return,  assuming  scattering  in  the  Rayleigh  region. 
This  frontal  system,  from  Feb.  12,  1997,  consists  of  ice 
clouds  above  the  melting  layer  at  1.6  km  and  rain  below 
this  height  after  1345  GMT.  Figure  3  displays  linpar  depo¬ 
larization  ratio,  the  ratio  of  cross  polarized  to  co-polarized 
backscattered  power,  showing  enhanced  depolarization  at 
the  melting  layer. 

35  GHz  cloud  rudar  development 
Qu^ant  is  currently  building  a  35  GHz  cloud  radar  for 
the  Air  Force  using  a  high  duty  cycle  (5  percent),  water 
cooled  EIA  with  peak  power  output  of  1.7  kW.  Specifi¬ 
cations  for  this  radar  are  given  in  Table  H.  Pulse  com¬ 
pression  must  be  employed  to  take  full  advantage  of  the 
added  duty  cycle,  since  the  pulse  repetition  rate  is  lim¬ 
ited  to  10  kHz  for  typical  vertically-pointed  cloud  sensing 
applications  (15  km  unaLmbiguous  range).  Conventional 
pulse  expansion/compression  using  surface  acoustic  wave 
devices,  yield  peak  range  sidelobes  of  no  better  than  -40 
to  -45  dB  below  the  peak  response.  Given  the  impor- 
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Fig.  3.  Cross-polarized  reflectivity  for  the  same  frontal  system 
(data  courtesy:  GKSS  Research  Institute.) 


tance  of  detecting  weakly  scattering  cloud  regions,  such 
as  cloud  edges  or  thin  cloud  layers,  it  is  important  to 
r^uce  peak  and  integrated  sidelobe  levels  as  low  2is  pos¬ 
sible  to  avoid  image  degradation  from  strongly  reflecting 
cloud  regions.  Fully  digital  pulse  compression  techniques 
recently  implement  for  meteorological  radars  [5]  exhibit 
p^  range  sidelobe  levels  of  -55  to  -60  dB.  Combining 
digital  pulse  expansion  with  analog  pulse  compression  sp- 
pears  to  yield  excellent  results,  since  the  expanded  pulse 
can  compensate  for  the  non  ideal  transfer  function  of  the 
pulse  compressor  [6j. 

Data  Acquisition  One  of  the  most  important  technolog- 
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TABLE  I 

95  GHz  CLOUD  RADAR  SPECIFICATIONS  (GKSS  MIRACLE  SYSTEM) 


parameter 

value 

'l^ansmit  FVequency: 

95  GHz 

Peak  Power: 

1.7  kW 

Pulse  Duration: 

100  -  2,000  ns 

Duty  cycle: 

1.2% 

Antenna  Diameter: 

1.2  m 

Antenna  Gain: 

60dBi 

Antenna  Beamwidth: 

.ir 

Polarization: 

VandH 

Cross-Polarization  Isolation: 

26  dB 

Receiver  Noise  Figure:  (w/o  LNA) 
(including  front-end  loss) 

11  dB 

Receiver  Dynamic  Range: 

70  dB 

Receiver  Channels: 

log|V| ,  Q, 
log\H\,h,Q^ 

TABLE  II 

35  GHz  CLOUD  RADAR  SPECIFICATIONS 


parameter 

value 

'D'ansmit  frequency: 

35.03  GHz 

Peak  Power: 

1.7  kW 

Chirp  Pul^  Length: 

12.8  p  s 

Compress^  Pulse  Length: 

500  ns 

Duty  Cycle: 

5% 

Antenna  Diameter: 

1.8  m 

Antenna  Gain: 

53dBi 

Antenna  Beamwidth: 

.33® 

Polarization: 

VandH 

Receiver  Noise  Figure  (w/LNA): 
(including  front-end  loss) 

47  dB 

Receiver  Channels: 

log|V|  , 
log|£f|  ,  h, 

ical  advance  affecting  the  utility  of  all  cloud  radars  has 
been  the  development  of  programmable  digital  signal  pro¬ 
cessors  (DSPs).  Processor  boards  are  now  commercially 
available  for  a  variety  of  standard  buses,  including  ISA, 
VXI,  Multi-bus,  and  others.  These  boards  have  as 
many  as  five  independent  fioating-point  processors,  each 
of  which  can  be  configured  to  execute  one  or  more  real- 
time  algorithms.  Because  cloud  radars  can  easily  gen¬ 
erate  data  rates  of  more  than  40  MByte^s”^  it  is  usu¬ 
ally  desirable  to  use  real-time  processing  to  reduce  data 
rates  to  a  manageable  level.  Complete  data  acquisition 
systems,  including  analog-to-digital  converters,  processor 
boards,  radar  timing  generators,  and  host  computer,  are 
now  available  for  the  VXI-bus.  VXI’s  hierarchical  archi- 
terture  greatly  simplifies  system  configuration,  program, 
ming  and  debugging.  All  of  these  developments  have  re¬ 
sulted  in  a  substantial  reduction  in  the  engineering  effort 
necessary  to  develop  a  custom  data  acquisition  and  pro¬ 


cessing  system. 

Future  Applications 

Solid-state  cloud  radar  for  use  on  Unmanned  Aerial 
Vehicles 

The  University  of  Massachusetts  is  currently  develop¬ 
ing  a  compact,  solid-state  95  GHz  cloud  radar  intended 
for  use  on  an  unmanned  aerial  vehicle  (UAV).  This  sys¬ 
tem  incorporates  a  40  W  peak-power  IMPATT  amplifier, 
a  compact  lens  antenna  utilizing  folded  optics,  and  a  95 
GHz  HEMT  LNA  to  achieve  sensitivity  of  approximately 
-20  dBZ  noise-equivalent  reflectivity  at  1  km  range.  When 
completed,  the  entire  system  will  weigh  less  than  30  kg 
and  will  consume  approoomately  150  W  prime  power. 

Farther  size  and  power  reduction  of  cloud  radars  in¬ 
tended  for  use  on  UAVs  is  necessary  to  allow  multiple 
i^ruments  to  be  flown  simultaneously.  Quadrant  En- 
gmeering  is  currently  working  with  researchers  from  the 
Five  College  Radio  Astronomy  Observatory  at  the  Uni¬ 
versity  of  Massachusetts  to  develop  a  low-noise  homodyne 
receiver  that  will  reduce  the  overall  component  count  in 
the  RF  unit  by  over  50  percent,  yielding  a  significant 
power  and  weight  reduction.  This  receiver  will  use  MMIC 
technology  to  implement  receiver  protection,  low  noise 
amplification,  a  W-band  I/Q  detection  and  internal  cali¬ 
bration  functions. 

Ultra-high  sensitivity  cloud  radars 
Several  cloud  types  are  difficult  to  observe  on  a  regu¬ 
lar  basis  with  existing  observational  tools.  These  clouds 
Include  low-relectivity  boundary  layer  convective-,  mid- 
and  upper-level  clouds.  Such  clouds  are  often  too  atten¬ 
uating  to  be  observed  with  lidar  systems  but  still  exhibit 
low  radar  reflectivity,  due  to  the  predominance  of  small 
droplets.  A  comparison  of  optical  extinction  coefficient 
and  radar  reflectivity  is  presented  in  Figure  4,  where  the 
shaded  region  indicates  a  cloud  which  cannot  be  readily 
probed  (Assumptions:  mono-disperse  drop-size  distribu- 
tionj  Rayleigh  scattering  for  radarj  optical  limit  extinc¬ 
tion  for  lidar). 

Gyrotron  oscillators,  capable  of  producing  power  lev¬ 
els  in  excess  of  1  MW  at  frequencies  exceeding  100  GHz, 
have  been  proposed  for  very  high  sensitivity  atmospheric 
measurements  [7].  MW-level  gyrotron  oscillators  or  100 
kW  level  high  duty  cycle  gyro-klystron  amplifiers,  will 
allow  cloud  measurements  down  to  the  -75  dBZ  level  at 
1  km  range.  Gyrotrons  have  not  been  used  extensively 
for  radar  applications,  because  the  high  order  waveguide 
modes  used  in  gyrotrons  are  poorly  suited  for  radiating 
a  well-defined  beam.  However,  efficient  mode  converters 
have  been  recently  developed  that  can  generate  Gaussian 
beams  suitable  for  illuminating  lens  or  reflector  antennas 
[8].  Other  problems  associated  with  gyrotrons  are  the  dif¬ 
ficulty  of  generating  stable,  single  mode  output,  and  the 
need  to  provide  very  high  magnetic  fields,  necessitating 
the  use  of  cryogenic  magnets. 

Cloud  remote  sensing  from  space 

The  low  power  consumption  and  high  sensitivity  of 


Plenary  Talk 


280 


radar  raneetivfty  In  dBZ 


Fig.  4.  Optical  extinction  coefficient  as  a  function  of  radar  reflec* 
tivity.  Shaded  region  indicates  optically  thich  clouds  that  are 
undetectable  existing  cloud  radars. 


millimeter-wave  radars  make  them  well-suited  for  satel¬ 
lite  applications.  A  recent  workshop,  held  under  the  aus¬ 
pices  of  the  Global  Energy  and  Water  Cycle  Ebcperiment 
(GEWEX),[9],  assessed  the  potential  for  a  spacebome 
millimeter-wave  radar  to  measure  cloud  vertical  structure 
over  large  regions  of  the  atmosphere.  The  distribution  of 
ice  and  liquid  water  in  clouds  is  a  critical  parameter  in 
understanding  the  earth’s  radiation  budget  but  no  ex¬ 
isting  spacebome  instruments  are  currently  available  to 
measure  the  vertical  structure  of  clouds. 

A  nadir-looking  95  GHz  pulsed  radar  with  a  2  m  di¬ 
ameter  antenna  and  500  m  range  resolution  could  detect 
clouds  of  approximately  -30  dBZ  reflectivity  from  an  al¬ 
titude  of  200  km.  Such  a  system  would  not  be  able  to 
detect  weakly  scattering  liquid  water  clouds  such  as  cu¬ 
mulus,  stratocumulus  and  altocumulus  but  would  be  ca¬ 
pable  of  detecting  a  substantial  percentage  of  ice  clouds 
and  liquid  clouds  having  larger  drop  sizes. 
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Introduction 

GyroHystron  is  capable  of  blgb-effidency,  stable  and 
blgb-gaia  ampMcatioa  of  ralllirneter  waves  la  a  ratber 
narrow  bandwidtk  restricted  mainly  by  a  blgb  Q-iactor 
of  the  output  cavity  [l],  [2].  On  the  contrary,  mm-wave 
gyro-travelling  wave  tnbe  ampUher  has  demonstrated 
broadband  pcrformanoe  at  moderate  power  level  and  rel¬ 
atively  low  efficiency  [3],  [4j.  The  gyrotwystron  con£gn- 
ration  cooperating  inside  one  or  more  bnn<^er  cavities  to¬ 
gether  with  a  travelling  wave  output  section  has  demon- 
s^ted  the  instantaneous  bandwidth  capability  substan¬ 
tially  greater  than  that  for  gyroldystion  with  compara¬ 
ble  ^dcttcy  and  gain  [5],  {6j.  This  paper;  presents  the 
detailed  study  of  several  versions  of  three-stage  X-band 
gyrotwystron  and  comparison  their  performance  charac¬ 
teristics  with  those  for  X-band  gyroldystron  having  the 
same  buncher.  Simulations  results  are  compared  with  the 
experimental  data. 

Results 

The  performance  characterisdes  of  gyroklystron  (GK) 
and  three  gyrotwystron  (GT)  versions  distinguished  by 
the  output  section  radius  have  been  simulated  and  tested. 
The  objective  of  these  tests  was  a  direct  comparison  of 
the  efficiency,  gain  and  bandwidth  of  both  devices.  Both 
tubes  utilized  a  diode  magnetron  injection  gun  produced 
electron  beam  with  a  current  up  to  3  A  and  a  voltage  of 
16  kV.  Gyroklystron  RF  circuit  was  comprised  of  three 
cylindrical  cavities  operating  in  the  TEqh  mode.  The  Q~ 
factors  of  these  cavities  were  300,  250,  210  for  cavities  1, 

2,  and  3.  The  diameter  and  length  of  the  lint  cavity  were 
40.6  mm  and  43  mm,  respectively.  Gyrotwystron  used 
the  same  buncher  cavities,  and  sIm  the  same  operating 
mode.  Other  RF  circuit  dimensions  of  both  amplifiers 
are  presented  in  Table  1. 

TABLE  1.  RF  CIRCUIT  DIMENSIONS 


Version 

Da 

La 

L3 

Lia 

Loa 

GK 

41.7 

42-52 

40.4 

73 

89 

80 

GTl 

41.7 

42-55 

40.8 

130 

94 

30 

GT2 

41.7 

43-54 

41.6 

143 

70 

41 

GT3 

41.7 

43-52 

42.6 

150 

72 

30 

Here  D,  and  L$  are  diameters  and  lengths  of  the  cavities 
(s=2,3)  and  output  section  f8~3),  Lu  and  £33  are  the 
first  and  second  drift  tube  lengths,  respectively.  As  a  GT 
output  section  diameter  is  increased,  the  ratio  of  the  cut¬ 
off  fr^uen^  to  the  operating  that  we«i/w  is  diminished. 
All  dimensions  in  Table  1  are  given  in  millimeter. 

Flg.l  compares  the  measured  and  calculated  effiden- 
oy  versus  drive  frequency  for  gyroklystron  and  GTl  gy¬ 
rotwystron.  Simulations  were  performed  for  16-kV,  1- 
A  electron  beam  with  o=1.6  and  Ao/a=0.15.  A  good 
fit  between  theory  and  experiment  is  observed  for  gy- 
loklystion  in  Fig.la.  Comparison  of  calculated  and  ex¬ 
perimental  curves  in  Fig.lb  obtained  for  GTl  shows  a 
reasonable  agreement,  however  the  measured  bandwidth 
exceeds  predicted  that  by  a  factor  of  1.5.  To  diTn?wi«h  the 
divergence,  we  plan  to  modify  the  existing  gyrotwystron 
code. 

In  Fig.2,  the  measured  effidency  and  half-maximum 
bandwidth  of  gyroklystron  (GK)  and  gyrotwystron  (GT) 
as  a  function  of  a  beam  enrrent  are  presented.  The  strong 
dependence  of  gyrotwystron  effidency  and  bandwidth  on 
the  ratio  Uc^tfu  at  small  beam  current  (~  lA)  is  ob¬ 
served  in  F1g.2b.  As  is  varied  from  0.97  for  GH 
to  0.93  for  GT3,  the  bandwidth  is  broaden  from  l9b  to 
1.6%.  A  two-fold  improvement  in  bandwidth  over  the 
gyroklystron  was  demonstrated  by  the  GT3.  However, 
bandwidth  broadening  is  accompanied  by  the  essential 
effidency  drop:  from  43%  for  GK  versus  19%  for  GT3. 
The  effidency  reduction  can  be  explained  by  a  deteriora¬ 
tion  of  the  wave-beam  interaction  in  the  travelling  wave 
output  section.  In  the  range  of  large  beam  current  (cj 
3A),  the  bandwidth  broadening  and  effidency  reduction 
at  the  transit  from  GK  to  GT3  are  substantially  small¬ 
er  than  those  observed  at  I-A  beam  current.  It  may  be 
attributed  to  the  effect  of  a  velodty  spread. 
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(a) 


Figtire  1:  Compaiison  between  measnied  and  calcnlatcd 
effidency  versus  drive  frequency  for  (a)  gyroklystron  (b) 
gyrotwyHtion. 


Figure  2:  Compariaoii  of  measured  cffideucy  (a.)  ajid 
bajidwidtli  (b)  for  gypoklystrou  &ud  tircc  gyrotwystrou 
versions 
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Abstract 

Gyrotwystrons  with  a  large  number  of  stagger- 
tuned  prebunching  cavities  are  promising  wide-band, 
high-gain  millimeter- wave  amplifiers.  In  the  present 
paper  a  small-signal  theory  describing  the  trade-off 
in  the  gain  and  bandwidth  in  these  devices  is  devel¬ 
oped.  The  results  of  a  study  of  one-  and  two-cavity 
gyrotwystrons  are  presented  which  show  a  significant 
increase  in  the  bandwidth  due  to  the  stagger-tuning. 

The  gyrotwystron,  like  the  conventional  twystron, 
consists  of  an  input  cavity  and  an  output  waveguide 
separated  by  a  drift  region.  The  gain  in  gyrotwys¬ 
trons  can  be  increased  by  using  a  set  of  prebunching 
cavities  instead  of  one  cavity.  The  bandwidth  in  de¬ 
vices  with  the  multi-cavity  prebunching  can  be  in¬ 
creased  by  stagger-tuning  the  cavities’  eigenfrequen- 
cies.  However,  when  the  stagger-tuning  increases 
the  bandwidth  it  simultaneously  decreases  the  gain. 
This  trade-off  between  the  bandwidth  and  gain  in 
multi-cavity,  stagger-tuned  gyroklystrons  has  been 
studied  [1].  In  the  present  paper  we  develop  a  theory 
which  describes  the  same  effect  in  gyrotwystrons. 

In  the  frame  of  the  small-signal  theory  the  effect 
of  the  electromagnetic  (EM)  field  on  the  electron 
motion  can  be  considered  as  a  small  perturbation. 
CJorrespondingly,  the  self-consistent  set  of  equations 
describing  the  interaction  between  electrons  and  the 


partial  wave  exp(iAC)  where  (  is  the  normalized 
axial  coordinate)  is  a  growing  one.  When  the  wave¬ 
guide  length  is  long  enough  only  this  growing  wave 
is  important.  Correspondingly,  the  normalized  wave 
intensity  at  the  exit  can  be  determined  as 

\F{Cout)\^  =  |A3J93/i?|^  exp  {2ImA3  •  Cou J  •  (2) 

Here  D  is  the  determinant  for  the  linearized  self- 
consistent  set  of  equations  which  depends  on  Ai^  3 
and 

Ds  =  (A2  -  Ai)  {iSiO)  -t-  p(0)  [1  -  2(Ai  +  A2)/A, A2]}  . 

Here  5(0)  and  p(0)  are  the  boundary  conditions 
for  the  electron  gyrophase  and  normalized  orbital 
momentum,  respectively,  averaged  over  initial  gy- 
rophases.  These  values  (5(0)  and  p(0)),  which  con¬ 
tain  information  about  electron  prebunching  in  a  set 
of  stagger-tuned  cavities,  have  been  analyzed  [1,  4]. 

We  have  analyzed  the  function,  G,  determined  as 
the  ratio  of  the  wave  intensity  at  the  waveguide  exit, 
|■^(Co1^t)P^  to  the  intensity  of  the  field  exciting  the 
first  cavity.  Using  the  balance  equations  for  each 
cavity,  which  are  given  in  Ref.  1,  and  assuming  that 
in  each  successive  cavity  the  field  amplitude  is  larger 
than  in  the  previous  one,  this  gain  function  can  be 
presented  as  the  superposition  of  two  terms:  G  = 
G(c)  -  Cj(var)-  Here  the  constant  term 


EM  wave  in  the  output  waveguide  (see,  e.g.  Ref.  2) 
can  be  linearized  and  reduced  to  the  following  dis¬ 
persion  equation  known  in  the  theory  of  conventional 
traveling- wave  tube  [3] 


does  not  depend  on  A,  while  the  variable  term 


A®  -  AA* -j.  1  =s  0.  (1) 


M 


Here  A  and  A  are,  respectively,  the  propagation  con¬ 
stant  and  the  cyclotron  resonance  mismatch  normal¬ 
ized  to  the  Pierce  parameter.  At  A  =  0  (see  e.g. 
Ref.  3)  Ai  =  —1  and  A24  =  (1  i  »V3)/2,  so  the  third 

*Perni»nent  address:  Deputment  of  Physio,  Indisn  Insti¬ 
tute  of  Technology,  New  Delhi  -  110016,  Indin 


G(var)  “  Gm  (4) 

m=l 

does.  In  Eq  (3)  4*0  is  the  function 

^  ~  l^(Cout)/-fA/P  =  I  [tCdr.Af  +  (Ai  -f-  A2)/AiA2] 
xA3(A2  -  Xi/Dfexp  {2ImA3  •  (out) 
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at  A  s  0  {Fm  here  is  the  normalized  field  amplitude 
in  the  last  cavity),  /o,m  is  the  normalized  current 
parameter  for  the  m*th  cavity,  and  is  the 

length  of  the  corresponding  drift  section.  In  Eq.  (4) 

=  101og($o/^)  (5) 

describes  the  amplification  in  the  waveguide  and 

G„  =  101og[l  +  ^(A-A«)2]  (6) 

describes  the  effect  of  the  m-th  cavity.  These  func¬ 
tions  are  normalized  in  such  a  way  that  in  the  case 
of  the  exact  resonance  (A  =  Am  =  0),  C?(var)  —  0- 
In  Eq.  (6)  the  detuning  between  the  signd  fre¬ 
quency  ui  and  the  eigenfrequency  of  the  m-th  cavity, 
(Jmt  is  expressed  via  the  normalized  cyclotron  res¬ 
onance  mismatch  A  ~  a>  -  kxVto  -  flo  and  Am  ~ 
<*>m  —  kxVxQ  -  Slo  (here  kx  is  the  axial  wave  num¬ 
ber  and  Vxo  and  fio  are,  respectively,  the  electron 
axial  velocity  and  gyrofrequency).  Correspondingly, 
/(I  +  /o,m).  where  Qm  is  the  Q- 
factor  of  the  m-th  cavity  and  I  is  the  normalized 
current  parameter  for  the  output  waveguide  [2],  (In 
our  theory,  plays  the  role  of  the  Pierce  para¬ 
meter.) 

The  waveguide  gain  Gy,  is  shown  as  a  function  of 
A  in  Fig.  1  for  =  6  and  two  values  of  Qt,m  (at 
smaller  Cost’s  this  curve  is  wider).  When  Q-factors  of 
cavities  are  small  enough  (^^  <  1)  just  this  func¬ 
tion  determines  the  bandwidth.  The  variable  gain 
in  a  one-cavity  gyrotwystron  with  Cout  =  6,  Cdr  =  4 
and  optimal  At  =  -3.7  and  =  1.85  is  shown  in 
Fig.  2.  As  follows  from  a  comparison  of  these  fig¬ 
ures,  the  bandwidth  becomes  2.9  times  larger  due  to 
stagger  tuning  while  the  gain  is  about  18  dB  smaller. 

The  variable  gain  for  a  two-cavity  gyrotwystron 
with  Cout  =  6,  Cdr,7  =  4  and  optimal  parameters 
(Ai  =  -3.4,  As  =  -5.1,  =  1.5,  and  =  3-4) 

is  shown  in  Fig.  3.  In  this  case  the  bandwidth  is 
more  than  3.5  times  larger  than  in  Fig.  1,  while  the 
gain  is  about  40  dB  smaller.  Note  that  the  constant 
gain,  G^c),  in  a  two-cavity  gyrotwystron,  as  follows 
from  Eq.  (3),  can  be  much  larger  than  in  a  one-cavity 
device. 

For  a  single-cavity  gyrotwystron  driven  by  a  60 
kV,  5  A  electron  beam  with  an  orbital-to-axial  ve¬ 
locity  ratio  of  1.5  in  the  case  when  the  operating 
wave  is  the  TB^i  wave,  which  propagates  with  an 
axial  wavenumber  of  kx  ~  O.lw/c,  the  bandwidth 
shown  in  Fig.  2  is  about  14%.  Correspondingly,  in 


the  case  shown  in  Fig.  3  for  the  same  beam  and  wave 
parameters  the  bandwidth  is  about  20%. 

The  formalism  developed  allows  one  to  estimate 
the  small-signal  gain  and  bandwidth  in  muiticavity 
stagger-tuned  gyrotwystrons. 

This  work  has  been  sponsored  by  the  Naval  Re¬ 
search  Laboratory. 
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Abstract 

Experimental  results  of  a  phase-coherent,  har¬ 
monic  multiplying  inverted  gyrotwystron  (phigtron) 
are  presented.  Measured  amplifier  performance  (30 
dB,  1.3%  bandwidth,  160  kW  peak  power,  25%  max¬ 
imum  efficiency,  Ku-band  input  and  Ka-band  out¬ 
put)  implies  that  this  gyrotron  concept  merits  con¬ 
sideration  for  advanced  radar  applications. 

Introduction 

This  paper  reports  on  the  experimental  study  of 
a  novel  t)rpe  of  gyrotron  amplifier  which  is  a  hybrid 
of  a  gyrotron  traveling-wave  tube  (gyro-TWT)  and 
a  phase-locked  gyroklystron  oscillator  with  subhar¬ 
monic  injection  [1]  in  a  configuration  of  inverted  gy¬ 
rotwystron.  Compared  to  the  gyroklystron,  it  may 
have  significantly  wider  bandwidth  while  maintain¬ 
ing  a  large  gain  due  to  replacing  the  input  cavity 
with  a  traveling-wave  interaction  structure.  The 
product  of  gain  and  bandwidth  is  an  index  of  vital 
importance  especially  for  radar  applications. 

Description  of  the  Device 

The  configuration  of  the  inverted  gyrotwystron  is 
shown  schematically  in  Fig.  1.  The  device  uses  a 
magnetron  injection  gun  (MIG)  to  produce  its  elec¬ 
tron  beam.  The  drive  signal  is  applied  via  a  Ku- 
band  (14-20  GHz)  input  coupler.  By  amplification 
of  the  drive  wave  through  fundamental  harmonic  (s 
=  1)  cyclotron  maser  interaction  in  the  TE22  gyro- 
TWT  section,  the  signal  at  harmonics  of  the  drive 
frequency  is  nonlinearly  generated  in  the  electron 
beam.  The  amplified  wave  is  absorbed  in  a  matched 
load  at  the  end  of  the  gyro-TWT  section,  but  all 
harmonic  components  in  the  beam  current  continue 
through  into  the  drift  section  and  further  develop 
by  ballistic  bunching.  Tuning  is  such  that  the  sec¬ 
ond  harmonic  component  reaches  an  optimum  value 


when  the  beam  reaches  the  output  cavity;  there  a 
cavity  mode  TE42<  (axial  eigennumber  /  =  1,  2, 
3,  4,  ...)  is  excited  that  is  resonant  at  twice  the 
frequency  of  the  driving  signal.  This  cavity  mode 
rapidly  grows  through  the  second  harmonic  (s  =  2) 
cyclotron  maser  interaction.  The  Ka-band  (28-40 
GHz)  output  power  is  axially  extracted  and  travels 
to  the  vacuum  window  while  the  spent  beam  dumps 
in  the  collector  region.  The  growth  process  of  har¬ 
monic  components  in  the  beam  current  is  a  nonlinear 
aspect  of  cyclotron  maser  bunching,  and  provides  the 
basis  for  harmonic  multiplication.  This  nonlinear 
behavior  has  been  predicted  by  both  particle-in-cell 
simulation  and  analysis  to  be  published  elsewhere  [2, 
3]. 

By  simple  nonlinear  arguments,  we  obtained  a  re¬ 
lation  between  the  drive  signal  phase,  4>d,  and  the 
output  signal  phase,  ^out>  given  by 

=  <f>oiit  -  ^<f>d  —  const. 

Thus,  the  output  radiation  of  the  phigtron  can  be 
phase-controlled  by  the  drive  source.  When  operat¬ 
ing  conditions  are  tuned  below  start  oscillation,  the 
device  operates  as  a  frequency  multiplying  amplifier, 
otherwise  it  is  a  phase-locked  oscillator. 

Experimental  Results 

Although  the  inverted  gyrotwystron  was  initially 
designed  as  a  phase-locked  oscillator,  it  can  be  op¬ 
erated  as  an  amplifier  by  modifying  the  magnetic 
field  profile  so  that  the  output  cavity  is  detuned  be¬ 
low  the  threshold  of  oscillation  in  the  absence  of  an 
input  signal.  Measured  saturated  output  power  is 
plotted  as  a  function  of  output  frequency  at  the  ap¬ 
plied  voltage  of  58  kV  and  beam  current  of  9.2  in 
Fig.  2a.  Measurements  give  ~33  dB  gain  and  1.3% 
continuous  bandwidth  (410  MHz)  around  31.8  GHz 
as  well  as  an  amplification  range  of  820  MHz,  from 
31.33  GHz  to  32.15  GHz,  but  with  two  narrow  gaps 
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each  about  50  MHz.  Measured  power  is  also  plotted 
as  a  function  of  beam  current  at  the  same  operating 
voltage  of  58  kV  for  the  sharp,  high  power  spectral 
peak  at  31,525  GHz,  giving  a  value  of  160  kW  with 
corresponding  efficiency  of  25%  and  gain  of  35  dB, 
as  shown  in  Fig.  2b. 

The  input  frequency  of  the  amplifier  is  at  exactly 
half  of  the  output  frequency,  and  the  phase  of  the 
output  signal  was  observed  to  be  locked  to  twice  the 
phase  of  input  signal. 

No  spurious  oscillation  was  observed,  a  fact  we  at¬ 
tribute  to  the  merits  of  using  both  a  relatively  low 
order  mode  combined  with  the  s  =  1  interaction  in 
the  input  section  and  a  vaned  mode  filter  in  the  out¬ 
put  section.  Based  on  the  analytical  theory  [3],  simu¬ 
lations  using  a  smooth  waveguide  interaction  circuit 
were  performed.  The  main  computational  results  for 
an  ideal  electron  beam  without  velocity  spread  are 
shown  in  Fig.  2b  for  comparison  with  the  measured 
data.  The  agreement  between  measured  and  theo¬ 
retical  amplifier  efficiency  is  reasonable. 

Summary 

In  summary,  we  have  demonstrated  experimen¬ 
tally  a  highly  overmoded,  millimeter  wave  source 
in  an  inverted  gyrotwystron  configuration  with  fre¬ 
quency/harmonic  multiplication  and  internal  mode 
filters  for  stable  operation.  Amplifier  peak  power  of 
160  kW  is  achieved  in  the  TE42  mode  in  a  narrow 
peak  around  31.525  GHz.  Stable  amplification  is  ob¬ 
served  with  a  bandwidth  of  1.3%  and  gain  of  33  dB 
around  31.8  GHz.  The  measured  gain-bandwidth 
performance  is  the  state-of-the-art  for  a  highly  over¬ 
moded  gyrotron  amplifier  operating  at  either  the 
fundamental  cyclotron  frequency  or  the  second  har¬ 
monic  of  the  cyclotron  frequency.  Future  studies  will 
look  into  the  average  power  that  can  be  achieved 
around  35  GHz  and  94  GHz  and  into  third  and  fourth 
harmonic  operation. 
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Fig.  2.  Experimental  and  theoretical  results  of 
phigtron  amplifier  with  TE42  mode  output. 
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Abstract:  The  inverted  gyrotwystron  is  a  device 
consisting  of  the  input  waveguide,  drift  section,  and  output 
cavity.  The  traveling  signal  wave  in  the  waveguide 
induce  a  high  harmonic  content  in  the  electron  current 
density.  Then  the  laebunched  electron  beam  can  excite 
jAase-lodced  oscillations  in  the  cavity  at  a  harmonic  of  the 
signal  frequency. 

We  have  developed  the  formalism  descrilwg  the 
operation  of  the  inverted  gyrotwystron  at  arbitrary 
harmonics.  The  operation  of  the  iiqxit  waveguide  at  the 
fundamental  and  the  ouq)ut  cavity  at  the  second  harmonic 
was  studied.  It  was  shown  that  the  electron  prdxmching 
in  the  input  waveguide  provides  a  better  harmonic  content 
than  the  ballistic  prebunching  in  gyroklystrons.  It  was 
also  shown  that  the  dependence  of  the  locking  bandwidth 
on  the  iiqxit  power  is  in  qualitative  agreement  with  the 
Adler’s  relation  while  quantitatively  the  bandwidth  in  our 
device  is  much  larger  to  prdxmching.  Degradation  of 
efiticiency  and  bandwidth  by  the  electron  velocity  spread  is 
dq)endent  on  the  input  waveguide  aod  drift  section 
lengths. 

GrOneral  Formalism:  Within  the  iiqxit  waveguide  we 
can  describe  the  interaction  of  electrons  gyrating  in  a 
constant  external  magnetic  field  by  three  equations  [1] 
characterizing  the  normalized  energy,  the  phase  of 
gyration  which  varies  slowly  with  respect  to  the  phase  of 
the  traveling  wave,  and  the  normalized  wave  amplitude. 

In  the  drift  region  the  electron  energy  remains 
constant  because  we  assume  that  there  are  no  microwaves , 
but  ballistic  i^iase  bunching  of  electrons  continues  through 
the  drift  region  due  to  the  adjustments  in  energy  which 
occurred  in  the  input  waveguide. 

Finally,  in  the  outyut  cavity  we  have  amilar 
equations  for  the  particles’ energy  and  i4iase[2].  After 
int^rati^  these  equations  one  can  calculate  the 
susoqstibihty  of  the  electron  beam  with  respect  to  the 
resonator  field.  The  time  dependent  amplitude  and  {4iase 
ci  the  oscillations  may  be  calculated  once  the  suscq^tibility 
is  known.  For  our  simulations  we  assumed  that  the  field 
distribution  within  the  cavity  was  a  fiaiicaan 

Numerical  Results:  We  began  our  stu<ty  by  finding 
the  (^stimal  set  of  parameters  which  maximize  the 
harmonic  content  in  the  electron  ciurent  density,  For 
an  ideal  beam  the  maximum  growth  rate  of  harmonics  in 
the  current  density  occurs  at  the  exact  cyclotron  resonance. 

The  dependence  of  the  first  and  second  harmonics  on 
the  length  of  the  input  waveguide  was  then  examined 
Results  are  shown  in  Fig  1 .  The  maximum  anq^tude  of 
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Figure  1.  Harmonic  current  density,  Ji  and  J2,  and  total 
length  as  a  function  of  input  waveguide  length. 

the  first  and  second  harmonic  of  electron  current  density 
and  the  total  length,  L,  required  to  reach  that  maYimnm 
are  given  as  a  function  of  the  normalized  input  waveguide 
length.  Dashed  lines  on  the  current  density  indicate  the 
effect  placing  a  los^  dielectric  at  the  end  of  the  input 
waveguide.  From  this  it  can  be  seen  that  the  input 
waveguide  may  provide  better  maximum  harmonic  content 
(0.63  vs.  0.58  for  Ji,  and  0.53  vs.  0.49  for  J2)  than  an  input 
cavity.  We  determined  that  the  second  harmonic  in 
current  density  degrades  more  quickly  than  the 
fundamental  harmonic  with  velocity  sivead.  Also  the 
total  optimum  length  decreases  because  of  the  strong 
effects  of  velocity  spread  on  bunch  formation. 

In  the  outyut  cavity  we  studied  the  temporal 
evolution  of  oscillations  to  determine  the  range  of 
parameters  for  which  staUe  phase-locked  oscillations  may 
be  realized  Figures  2a  and  2b  show  the  temporal 
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Figure  2a  and  2b.  Phase  and  orbital  efficiency  of 

oscillations  in  the  output  cavity  for  several  values 
of  fiequeiKy  detuning,  5. 
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evolution  of  the  phase,  ha,  and  orbital  efficiency,  T]i.  for 
several  values  of  frequency  detuning,  5,  from  the  cold 
cavity  eigenfrcquency.  A  beating  effect  is  seen  at  5=M).4 
on  the  low  end  of  the  locking  band.  At  5=1. 1  oscillations 
decay  at  the  iqjper  end  of  the  locking  band  resulting  in  a 
loddng  bandwidth  from  -0.3  to  1.0. 

Figure  3  shows  the  dependence  of  the  efficiency,  tii, 
on  the  input  wave  amj^tude,  Fo.  The  loddng  bandwidth 


5 

Figure  3.  Dependence  of  the  efficiency,  rjjjOn  the  input 
wave  amplitude,  Fo. 

is  characterized  by  the  range  of  5’s  plotted  for  each  Fo. 

For  this  particular  fixed  value  of  input  waveguide  and  drift 
section  lengths  Fo=0.001  provides  the  maxitnnm  efficiency 
while  larger  input  wave  amj^tude  increases  bandwidth 
and  degrades  effidency  due  to  electron  oveibunching. 

The  effects  of  input  waveguide,  Li^  and  drift  section. 
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Figure  4.  Effect  of  normalized  input  waveguide/drift 
section  length  on  bandwidth  and  ^dency. 

fixed  at  Fo=0.005.  The  choice  of  U.  =7.5  and  L*  =5.0 
produce  the  highest  effideiKy  (tix>  60%)  and  relatively 
large  bandwidth.  The  maximum  orbital  effidency  of  a 


•free^nmning  oscillator  with  the  same  parameters  of  the 
resonator  is  only  45%  [3,4J. 

Figure  5  presents  the  results  of  studies  of  the  effect  of 


and  effideiKy. 

this  exanqile  the  velodty  ^read,  Avx,  relates  to  the  RMS 
value,  a ,  ly  Avi=2V6a.  In  simulations  with  long  input 
waveguides  the  velodty  spread  degrades  effidency  to  a 
greater  extent  than  bandwidth  as  seen  in  Fig  5.  However, 
calculations  done  for  shorter  input  waveguide  lengths 
show  small  effects  on  effidency  and  reductions  in 
bandwidth  ly  as  much  as  a  factor  of  two. 

Summary:  It  has  been  shown  that  the  electron 
ludxmching  in  the  input  waveguide  provides  better 
harmonic  content  in  the  electron  current  density  than  the 
ballistic  bunching  which  occurs  in  a  short  input  cavity 
followed  ly  a  long  drift  region.  It  has  also  b^n  shown 
that  the  effidency  and  bandwidth  are  strongly  dependent 
on  the  length  of  the  input  waveguide  and  drift  section. 
Degradation  of  effidency  and  bandwidth  ly  the  electron 
velodty  sfsead  is  dqjendent  on  the  input  waveguide  and 
drift  section  lengths. 
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Abstract 

There  is  a  possibility  of  providing  almost  constant  group 
velocity  and  close  to  zero  lon^tudinal  wavenumber  of  a 
particular  wave  of  a  helical  waveguide  for  a  veiy  broad - 
frequency  band.  The  use  of  such  a  waveguide  as  an  operating 
section  of  the  gyrotron  traveling  wave  tube  (gyro-TWT) 
allows  significant  widening  of  its  bandwidth  and  increase  in 
the  efficiency  at  very  large  particle  velocity  spreads. 

Introduction 

Numerous  attempts  to  realize  a  gyro-TWT,  combining  a  high 
effidency  (like  the  gyrotron-oscillators)  with  a  high  gain  in  a 
broad  frequency  band,  meet  a  number  of  known  difficulties 
(see,  e.g.  [1]).  The  most  serious  problems  are  linked  with  the 
frict  that  the  longitudinal  wavenumber  of  the  operating  mode 
and,  correspondingly,  the  wave  group  velodty  in  gyro-TWT 
are  significantly  larger  than  those  in  the  gyrotron. 
Correspondingly,  the  gyro-TWTs  are  sensitive  to  the  spurious 
mode  exdtation  at  cutoff  frequendes  and  to  particle  velocity 
spread  causing  large  drop  in  the  effidency.  According  to 
Ref[2]  these  problems  can  be  avoided  \^en  using  as  a 
microwave  system  for  a  gyro-TWT  an  oversized  waveguide 
with  a  special  helical  corrugation  of  the  iimer  walls  in»n<»arf  of 
a  circular  cylindrical  waveguide.  This  helical  corrugation 
couples  two  partial  waves  of  a  regular  waveguide  with  the 
cutoff  frequendes  near  and  tar  below  the  operating  frecpiency 
and  makes  a  specific  eigenwave  dispersion.  The  first  partid 
wave  resonantly  interacts  with  electrons  and  the  admixture  of 
the  second  wave  makes  the  group  velodty  of  the  eigenwave 
non-zero.  Changing  the  geometrical  parameters  of  the 
corrugation  one  can  control  the  eigenwave  group  velodty  and 
adjust  it  to  the  longitudinal  velodty  of  an  electron  beam  for  a 
rather  broad  frequency  band  around  the  point  where  the 
longitudinal  wavenumber  is  equal  to  zero.  These  features 
allow  very  attractive  regimes  <rf  gyro-TWT  q)eration  to  be 
realized 

Calculation  and  measurement 
of  the  helical  waveguide  dispersion 

For  a  relatively  small  corrugation  depth  dispersion 
characteristics  of  the  waveguide  described  above  can  be 
calculated  from  the  coupled  waves  equations  with  the 
coupling  coeffident  found  using  perturbdion  theory.  This 


method  was  applied  for  the  design  of  a  second  harmonic  gyro- 
TWT  driven  by  a  thin  solid  electron  beam  encirculating  the 
axis  of  the  operating  waveguide.  In  such  an  amplifier  the 
tqjerating  eigenwave  is  formed  by  the  mutual  scattering  of 
counter-rotating  TE2.1  and  TE1.1  partial  waves  on  the  three¬ 
fold  helical  corrugation  (Fig.1).  The  non-axisymmetrical 
corrugation  strongly  changes  dispersion  of  the  TEi.,  partial 
wave  with  a  particular  direction  of  rotation.  Thus,  a  linearly 
polarized  TEi,i  wave  propagating  through  such  a  waveguide 
changes  the  direction  of  its  polarization.  This  feet  was  used 
for  measurement  of  the  dispersion  of  the  operating  eigenwave 
(curve  1  in  Fig.1).  The  dispersion  of  another  eigerunode 
(curve  2  in  Figl)  was  compared  to  the  theoretical  one  by 
measuring  eigenfrequendes  of  different  longitudinal  modes  of 
a  waveguide  section.  The  calculated  and  measured  dispersions 
are  in  good  agreement. 


WAVCNUMftCR  m  •!} 


Fig.1.  Dispersion  of  partial  waves  i.e.  modes  of  a  smooth 
waveguide  (dotted  line)  and  eigenmodes  of  the  spiral 
waveguide  (solid  line);  ♦  -  results  of  measurement. 

Non-linear  analysis 
for  the  second-harmonic  gyro-TWT 

The  first  calculations  performed  of  effidency  and  frequency 
band  are  encouraging.  They  show  the  possibility  of  high- 
efficiency  and  high-gam  operation  in  a  broad  frequency  band, 
even  for  veiy  low  eledron  beam  quality.  It  is  important  to 
emphasize  that  at  a  relatively  large  coupling  coefficient 
(corrugation  depth)  the  operating  eigenmode  and  the  most 
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dangerous  eigenmode  for  spurious  excitation  (curves  1,2  in 
Fig.2)  am  strongly  separated.  This  allow  an  optimal 
interaction  length  to  be  chosen,  and  high  efficiency  and  gain 
to  be  obtained  simultaneously. 


Fig.2  Dispersion  of  eigenwaves  of  the  microwave  ^stem 
(solid  line)  and  the  electron  beam  (dashed  line)  for 
design  of  80-keV  gyro-TWT. 

For  subrelativistic  electron  energy  (80  keV)  the  frequency 
band  of  the  “helical”  gyro-TWT  can  be  significantly  (almost 
two  times)  wider  than  that  for  the  “smooth”  gyro-TWT 
(Fig.3)  which  is  provided  1^  optimal  adjustment  of  the 


Fig.3.  Simulated  bandwidths  of  gyro-TWTs  with  smooth  (a) 
and  helical  (b)  waveguides  driven  by  a  80-keV,  20-A 
electron  beam  with  the  velocity  ratio  VxA^I=1.2  for 
different  transverse  velocity  spreads:  1  -  0%,  2  -  18%. 
3  -  38%.  4  -  53%. 


-dispersion  curves  of  the  eigenwave  and  electron  beam  (Fig.2). 
For  higher  particle  energy  (300  keV)  the  main  advantage  of 
the  “helical”  gyro-TWT  is  a  very  weak  sensitivity  to  the 
particle  velocity  spread  (Fig.4).  In  the  regime  of  maximal 
efficiency  the  calculated  gain  is  30  dB  for  80-keV  and  38  dB 
for  300-keV  gyro-TWTs. 


Fig.4.  Simulated  bandwidths  of  gyro-TWTs  with  smooth  (a) 
and  helical  (b)  waveguides  driven  a  300-keV.  80-A 
electron  beam  with  the  velocity  ratio  VxA'|=1.2  for 
different  transverse  velocity  spreads:  1  -  0%.  2  -  18% 
3  -  38%.  4  -  53%. 
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Abstract 

We  detail  the  stability  and  large  signal  properties  of  a  hybrid 
slow  wave  /  fast  wave,  second  harmonic  amplifier  which 
utilizes  a  75  kV,  8  A  beam  to  produce  a  peak  power  in  excess 
of  250  kW  with  an  efficiency  above  40%,  a  gain  of  26  dB, 
and  a  bandwith  of  over  5%. 

Introduction 

There  is  currently  considerable  interest  in  broadband  high 
power  sources  for  radar  applications  near  35  and  95  GHz.  At 
these  millimeter  wave  frequencies,  applications  which  require 
medium-to-high  duty  factors  and  peak  powers  above  50  kW 
can  benefit  greatly  from  the  overmoded  microwave  circuits 
that  are  utilized  in  gyrotrons.  In  this  paper  we  introduce  a 
hybrid  broadband  amplifier  which  uses  a  slow  wave  circuit  to 
bunch  a  linearly-streaming  annular  beam  and  then  a  tapered 
circular  waveguide  to  extract  the  power.  This  device  has 
many  potential  advantages  over  both  conventional  TWfs  and 
gyro-TWTs.  The  hybrid  device  should  be  able  to  significantly 
exceed  the  maximum  peak  power  performance  of  linear 
TWTs  due  to  its  overmoded  output  waveguide  circuit.  The 
electronic  efficiencies  simulated  for  the  hybrid  device  are  also 
typically  much  better  than  that  achieved  in  moderate  power 
linear  TWTs.  The  bandwidth  of  the  hybrid  device  should 
normally  be  higher  than  that  which  can  be  achieved  in  gyro- 
TWTs  because  the  bunching  process  depends  only  on  the 
dispersion  relation  of  the  slow-wave  structure  (SWS)  and  not 
on  the  relative  detuning  from  the  cyclotron  frequency. 
Stability  of  the  hybrid  device  should  be  considerably  better 
dian  diat  of  the  gyro-TWT  in  the  input  section. 

A  schematic  of  this  device  is  shown  in  Fig.  I.  For 
simplicity,  we  assume  the  slow  wave  structure  is  an  ideal 
sheath  helix.  The  lowest-order  axially-symmetric  hybrid 
mode  (HEMj,)  is  assumed  to  be  launched  down  the  helix  near 
the  first  cyclotron  harmonic.  At  the  end  of  the  slow  wave 
structure  there  is  a  drift  section  where  additional  ballistic 
bunching  will  occur.  This  region  should  loaded  with  lossy 
material  to  isolate  the  two  parts  of  the  microwave  circuit  and 
serve  as  a  well-matched  termination  to  the  SWS.  The  drift 
region  is  followed  by  a  non-adiabatic  magnetic  transition 
which  converts  most  of  the  axial  momentum  to  rotational 
momentum.  The  transition  width  is  typically  minimized  via 
the  introduction  of  an  iron  pole  piece.  The  magnetic  field  is 
not  reversed,  so  the  transition  produces  a  small-oii^it  beam. 
This  beam  travels  through  a  simple  right  circular  waveguide 
with  a  modest  taper  in  the  wall  radius  and  interacts  with  a 


TEo2  traveling  wave  near  the  second  harmonic.  The  output 
waveguide  may  also  have  a  short  sever  region  immediately 
following  die  pole  piece  to  improve  stability.  In  die  following 
sections  we  describe  the  design  method  and  results  for  a  tube 
centered  at  34  GHz. 


Computer  modeling 

A  single  particle  code  is.  used  to  simulate  the  motion  of  the 
beam  through  the  helix  circuit,  the  drift  region,  and  the  non- 
adiabatic  magnetic  transition  region.  The  magnetic  field  in 
this  “bunching”  code  is  assumed  to  be  constant  in  the  first 
two  regions  and  to  vary  linearly  in  the  transition  region.  The 
EM  fields  are  given  by  the  sheath  helbc  approximation  inside 
the  helix  and  are  assumed  to  be  zero  outside  the  helix  region. 
Particles  are  “injected”  over  the  relevant  ranges  in  time  and 
radial  location.  A  predictor-corrector  method  is  used  to 
integrate  the  particles  through  the  circuit. 

The  code  used  to  model  the  output  waveguide  section  is  a 
gyrotwystron  code  that  was  modified  to  accept  the  angular 
phase  distribution  of  particles  that  results  from  the  bunching 
code.  This  efficiency  code  calculates  the  evolution  of  the 
amplified  wave’s  phase  self-consistently,  includes  the  effect 
of  the  backward  wave  which  arises  from  reflections  at  the  end 
of  the  interaction  region,  and  can  take  into  account  the 
deleterious  effect  of  a  single  spurious  mode  that  may  exist  in 
the  output  waveguide. 

Finally,  the  start-oscillation  code  calculates  the  threshold 
reflection  coefficient  for  the  onset  of  instabilities  as  a  function 
of  frequency  and  beam  current.  The  code  utilizes  the  same 
magnetic  field  profile  and  waveguide  geometry  as  the  large 
signal  code.  Reflection  coefficients  below  this  threshold  will 
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be  zero  drive  stable;  coefficients  above  the  threshold  may  still 
result  in  stable  operation  when  die  drive  signal  is  applied. 

Design  results 

The  parameters  of  the  design  are  given  in  Table  1.  The 
average  radius  is  given  before  die  magnetic  transition  and  the 
velocity  ratio  after  the  transition.  The  total  length  of  the  input 
section  is  20  cm.  The  total  beam  power  is  600  kW.  Most  of 
the  simulations  were  performed  with  an  ideal  beam,  but 
effects  of  beam  thickness  and  velocity  spread  were 
investigated  in  the  bandwidth  studies. 

The  stability  of  the  output  waveguide,  assuming  the  drive 
power  is  turned  off,  is  given  in  Fig.  2.  The  left  curve  shows 
the  threshold  for  the  reflection  coefficient  as  a  function  of 
frequency  for  die  operating  mode  and  indicates  that  it  must  be 
below  a^ut  1.5%  near  33.2  GHz.  A  similar  restriction  is 
placed  near  3 1.7  GHz  for  the  nearest  competing  mode,  though 
slotting  the  output  waveguide  should  help  supress  this  mode 
by  interupting  wall  currents  without  interfering  with  the 
operating  mode. 

The  optimal  results  are  indicated  in  Table  2.  A  peak  power 
of  over  250  kW  was  achieved  at  34.2  GHz.  The  dependence 
of  efficiency  on  drive  frequency  is  indicated  in  Fig.  3  for 
several  beam  widths.  Bandwidth  and  efficiency  performance 
are  seen  to  degrade  only  slowly  with  beam  thickness. 


Table  1.  System  design  parameters. 


Beam  Parameters 

Voltage  (kV) 

75 

Current  (A) 

8 

Average  radius  (cm) 

0.55 

Beam  thickness  (mm) 

0.00 

Velocity  ratio  {vjjv^) 

2.00 

Magnetic  Field  Parameters 


Input  circuit  field  (kG) 

3.30 

Drift  tube  (sever)  length  (cm) 

li.O 

Magnetic  transition  width  (mm) 

2.0 

Output  circuit  field  (kG) 

6.62 

Output  field  taper  (%) 

-9.4 

Input  Circuit 


Center  frequency  (GHz) 

17.1 

Operating  mode 

HEMo, 

Helix  radius  (cm) 

1.75 

Wall  radius  (cm) 

2.00 

Length  (cm) 

9.0 

Pitch  angle  (degrees) 

29.0 

Output  circuit 


Initial  wall  radius  (cm) 

1.01 

Final  wall  radius  (cm) 

1.025 

Waveguide  length  (cm) 

17.50 

Output  waveguide  mode 

TEo: 

Taper  angle  (degrees) 

0.05 

Table  2.  Predicted  ouqiut  performance  for  the  ideal  beam. 


Input  circuit  result 

Input  drive  power  (W) 

1  540 

Drift  region  results 

Total  Av,(%) 

4.99 

Total  AVi  (%) 

0.09 

Energy  spread  (%) 

2.40 

Output  circuit  results 

Center  fiiequency  (GHz) 

34.2 

Instantaneous  bandwidth  (%) 

5.7 

Maximum  power  (kW) 

253 

Peak  efficiency  (%) 

42.1 

Peak  gain  (dB) 

26.7 

Fig.  2.  Output  waveguide  stability  curves. 


Fig.  3.  Output  efficiency  curves  as  a  function  of  beam 
thickness.  The  perpendicular  velocity  spread  is  4%  at  a 
beam  thickness  of  0.9  mm. 
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Abstract 

A  sdf-consistent  tune-domain  analysis  ^ch  rigoronsly  de¬ 
scribes  the  transient  response  is  applied  to  study  transient  ef¬ 
fects  in  injection-locked  gyrotrons.  The  stable  locking  range, 
the  transient  response,  and  the  steady-state  multi-frequency 
operation  are  studied.  Simulated  results  for  a  35  GHz  gy- 
rotron  are  compared  with  well-known  Adler  theoiy  and  with 
measured  data.  Variations  in  the  design  parameters  of  the 
gyrotron  are  simulated  and  their  influence  on  the  transient 
response  and  the  locking  range  is  presented. 


Introduction 

In  addition  to  plasma  heating,  gyrotrons  can  be  applied  in  high- 
power  radar  transmitters  and  for  particle  acceleration  [1],  [2]. 
These  applications  require  coherent,  phase  controlled  radiation 
what  can  be  achieved  by  injection  locking  [3],  [4].  For  injec¬ 
tion  locking,  important  system  parametws  are  the  stable  locking 
range,  the  transient  response,  and  the  steady-state  phase  shift  be- 
twcCT  the  injected  and  the  oscillator  ouq>ut  signal.  Furthermore, 
the  influence  of  fluctuations  of  the  beam  voltage  during  opera¬ 
tion  [4],  [5]  on  the  dynamic  behaviour  and  on  the  locking  range 
should  be  known. 

I^damental  theoretical  work  on  injection  locking  has  been 
published  by  Adler  [6]  who  modeled  a  general  nonlinear  oscilla¬ 
tor  circuit  with  lumped  elements  and  calculated  the  stable  lock¬ 
ing  range.  An  equation  for  the  transient  response  of  the  phase 
shift  A^(t)  between  the  injected  signal  and  the  ouqmt  signal  has 
1^  presented  in  [7]  for  the  lumped  oscillator  model.  Applica¬ 
tion  of  the  results  of  [6]  and  [7]  to  gyrotrons  may  give  a  first  es¬ 
timate  on  their  limits  on  locking  range  and  on  the  possible  mod¬ 
ulation  rate. 

A  self-consistent  multi-mode  time-domain  analysis  [8]  is  ex¬ 
tend^  here  to  the  calculation  of  phase  locking  by  direct  injec¬ 
tion  in  order  to  describe  the  locking  process  accurately  in  time- 
domain.  TTiis  analysis,  whose  basic  prindplehas  been  presented 
in  [9],  is  based  on  an  expansion  of  the  electromagnetic  field  with 
respect  to  the  solenoidal  and  irrotational  eigenfunctions  of  the 
corresponding  completely  shielded  resonator. 


Numerical  Results 

Simulations  have  been  performed  for  a  35  GHz  single  cavity  gy¬ 
rotron  presented  in  [3]  with  a  direct  injection  signal  at  the  ouq>ut 
port  This  signal  is  supposed  as  TBoi  waveguide  mode  enter¬ 
ing  the  interaction  space.  Fig.  1  shows  the  stable  locking  range 


-  /•  /o  versus  injected  power.  Results  agree  even  quanti¬ 
tatively  with  those  firom  Adler’s  theory  and  with  measured  rfat?» 
presented  in  [3].  The  fiequency  spectrum  of  the  unlocked  driven 
gyrotron  has  the  same  charactoistics  as  that  of  an  unlocked- 
driven  oscillator  presented  in  [10].  Details  encompass  the  asym¬ 
metry  in  the  fiequency  response  with  respect  to  /o,  the  lack  of 
the  Ime  at  /o,  as  well  as  the  dependence  of  A/'  defined  as  dis¬ 
tance  between  neighbouring  fir^uency  lines,  on  A/  and  on  the 
maximum  A/  for  which  locking  still  occurs. 


Fig.  1:  Stoble  lockiiig  range  of  the  35  GHz  gyrotron  [3] 
-  :  Predicted  by  Adler’s  theory  ^ 

X  :  Unlocked  operation  1 
•  :  Riase-locked  operation  j 


Fig.  2  shows  a  simulated  transient  response  of  amplitude  and 
phase  shift  of  the  excited  r£^oi -waveguide  mode  at  the  output 
port  of  the  gyrotron  when  an  injection  signal  is  switched-on  and 
switched-off  after  600  ns.  The  transients  allow  to  determine  the 
tosit  times.  Furthermore.  Fig.  3  shows  transient  responses  of 
A4>{t)  for  differMt  initial  phase  shifts  A^o-  The  steady-state 
phase  shift  A^oo  is  independent  from  the  initial  phase-shift  A^o 
what  agrees  with  experimental  observations  made  in  [3].  Other 
simulation  results  show  that  A<t>  strongly  depends  on  the  ampli¬ 
tude  of  the  inj^ed  signal  and  on  A/.  The  range  of  A^  is  within 
±90®,  dqiending  on  whether  A/  is  positive  or  negative  what  has 
also  been  predicted  from  the  lumped  oscillator  model  [6].  Fig.  3 
also  contains  transient  responses  which  have  been  derived  from 
the  heuristic  equations  given  in  [7].  These  responses  agree  well 
with  our  rigorous  calculations  in  particular  for  lower  A^o-  The 
main  difference  is  a  small  shift  in  the  predicted  A<f,„.  Hence  it  is 
possible  to  use  [7]  for  both  a  fast  estimate  of  the  maximum  mod¬ 
ulation  rate  and  of  the  steady-state  phase  shift  of  a  phase-locked 
gyrotron. 
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Fig.  2:  llansients  of  amplitade  and  phase  shift 
of  outgoing  7*^01 ‘Wav^nide  mode  for  switching 
on  injection  after  100  ns  and  switching  it  off  after 
600  ns.  (A/  «  +5  MHz,  Pf/Po  =  -16  dB) 

(I) :  Amplitude,  (2) :  Phase  shift  A^ 


fi  ~  foUokv  «  +50  kHz) 

A/o  :  Oiange  of  /o  for  detuned  beam  voltage 
Parameter  is  the  locking  gain 


Conclusions 

In  this  contribution,  a  self-consistent  multi-mode  time-domain 
analysis  is  applied  to  simulate  injection  locking  of  a  gyrotron. 
TVansient  response,  non-locked  state,  steady-state  phase  shift, 
and  stable  locking  range  are  extensively  studied  and  a  good 
agreement  to  results  is  found,  which  can  be  drived  fix)m  Adler’s 
lumped  oscillator  model.  The  results  also  agree  with  measured 
data.  Fluctuations  or  variations  in  the  design  parameters  of  the 
gyrotron  are  also  treated. 
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Fig.  3  :  TVansients  of  A^  for  different  initial  phase  shifts 
A^o.  (A/  «  +1.5  MHz,  Pi/Po  =  -20  dB) 

—  :  Simulation 

--  :  Lumped  oscillator  approximation  [7] 


Fig.  4  shows  the  transient  response  of  A^(t)  for  varying  the 
beam  voltage  and  at  different  locking  gain.  The  beam  voltage 
is  assumed  to  vary  in  a  typical  range  of  ±1%.  The  transient  re¬ 
sponse,  the  steady-state  phase  shift,  and  the  locking  range  can  be 
obtained  from  such  calculations. 
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Abstract 

The  distribution  and  intensity  of  electric  fields  within  a 

ceramic  undergoing  microwave  sintering  are  computed  using 
finite  difference  electromagnetic  modeling  of  realistic 
ce^c  mi^stnictures.  The  fields  in  the  air-filled  pores 
^jacent  to  interparticlc  contact  zones  are  found  to  be  10-60 

times  higher  than  the  applied  fields  by  virtue  of  focusing 
effects  within  the  microstracture.  The  high  fields  are 
postulated  to  be  capable  of  creating  discharge  phenomena 
within  the  pores,  which  could  cause  enhanced  rintaring  by 
altering  the  material  defect  chemistiy. 

Introduction 

The  use  of  microwave  radiation  for  the  processing  of 
advanced  ceramic  materials  is  emerging  as  a  viable 

alternative  to  conventional  methods.  The  direct,  volumetric 
nati^  of  the  microwave  heating  scheme  allows  the 
achievement  of  extremely  high  heating  rates  (150  to  perhaps 
10(W  °C/min)  or  selective  heating  in  multiphase  systems, 
which  can  lead  to  novel  ceramic  materials  with  compositions 
and  microstructures  not  achievable  ly  other  means.  This 
would  include  nanograin  materials,  tailored  microstructures, 
and  nw  ^pes  of  composites.  The  thermal,  mechanical,  and 
electrical  properties  of  the  unique  ceramics  produced 
microwaw  Mtering  should  find  aiplication  in  areas  of 
tomrncraal  interest,  such  as  high  ternperature,  toughened,  or 
lightweight  structural  and  wear  resistant  components, 
transparent  polycrystalline  ceramic  armor,  and  tailored  grain- 
boundaty  electronic  materials  such  as  chemical  sensors. 

Eluring  microwave  sintering,  the  electric  field  distribution 
within  a  cerarmc  body  on  a  macroscopic  scale  is  determined 
ly  a  combination  of  the  operating  fie^piency,  the  sample  and 
aiplicator  shape,  the  manner  in  rriiich  the  electromagnetic 
waves  illuminate  the  sample,  and  the  sample  permittivity  and 
pertn^ility.  Within  the  sample,  the  spatial  variation  of  the 
electric  field  occurs  on  length  scales  comparable  to  the 
wavelength  or  skin  depth  of  the  electromagnetic  waves  within 
the  ceramic.  However,  this  is  only  true  if  one  is  considering 
the  variation  of  fields  over  volumes  much  larger  than  the 
characteristic  feature  sizes  of  the  microstructure  (Le.  grain 
sizes,  rough  sur&ces  of  grains,  and  inter  particle  contact 
zones).  Within  the  microstructurc  itself  the  electric  field 
exhibits  violent  variation  in  magnitude  and  diiectioiL 
Furthermore,  the  electric  field  in  certain  areas  of  the  pores  in 
a  realistic  microstructure  can  be  orders  of  magnitude  stronger 


than  the  spatially  averaged  electric  field.  Such  field 
enhancements  could  create  ionization  and  discharge 
phenomena  in  the  pores  at  atmospheric  pressure  [1],  leading 
to  unexpected  changes  in  the  material  chemistry. 

In  this  paper,  calc^tions  of  electric  field  distributions 
within  ensembles  of  deramic  particles  interconnected  by 
qiherical  nedcs  will  be  presented  and  used  to  justify  the  riaim 
that  discharges  could  form  in  localized  areas  within  the  pores 
during  ordinary  microwave  sintering.  Implications  of  this 
localiz^  dischargerionization  hypothesis  on  rintpring 
(fynamics  will  also  be  discussed,  based  on  studies  in  the 
literature. 

Average  vs.  Local  Fields  in  Porous  Ceramics 

In  a  volume  Of  material  undergoing  microwave  sintering, 
the  electricfield  present  within  a  volume  V  can  be  expressed 
in  term  of  a  rate  of  energy  absorption  and  thus  an 
experirnentally  observable  tenqrerature  rise  dT/dt.  The 
governing  relation  is 

V 

K  •  u  .  .  . 

Where  rs  the  mass  density,  c  is  the  specific  heat,  oa  is  the 

fieqiKncy,  is  the  permittivity  of  fiee  space,  £■"  is  the 
imaginaiy  part  of  the  relative  permittivity  of  the  differential 
integration  voluinc  rfF,  and  £/  is  the  electric  field  inside  dV. 

If  the  volume  of  interest  is  considerably  larger  than  the  size 
scale  of  the  individual  microstructure  elements,  then  one  can 
recast  the  RHS  in  terms  of  an  effective  imaginary 
perrmttivity  of  the  heterogeneous  mixture  consisting  of 
cerarmc  and  air,  and  a  spatially  averaged  electric  field 
arnplitude  E.  To  determine  the  local  electric  field  £/  within  a 
nricrostructure  characterized  average  field  E,  in  general  it 
is  ncccssdiy  to  examine  the  clectromRgiietic  behsvior  on 
scales  much  smaller  than  that  of  the  macroscopic  ceramic  and 
perform  a  finite  difference  or  element  simulation  of  a  realistic 
microstructure.  In  some  cases  an  analytic  solution  is  possible 
for  the  relation  between  the  ceramic  fields  and  the  pore  (air) 
fields  on  t^  very  small  scales.  For  example,  if  layers  of  air 
and  ceramic  are  oriented  in  planes  perpendicular  to  the 
appli^  field,  the  field  inside  the  ceramic  is  1/e  lower  than  the 
field  in  the  air  due  to  continuity  of  normal  electric 
displacement. 
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However,  in  some  veiy  common  microstnictuies  the  fields 
inside  certain  regions  of  the  ceramic  grains  can  become 
essentially  equal  to  the  highest  fields  in  the  pores,  and  both 
of  these  quantities  can  greatty  exceed  even  the  applied 
electric  field.  This  occurs  when  the  geometry  is  such  that  the 
continuity  of  tangential  electric  field  is  more  relevant,  such  as 
in  a  thin  ceramic  rod  oriented  parallel  to  the  applied  field. 
Sunilarfy,  the  nearby  dielectric  geometry  can  also  act  to  focus 
the  field,  as  sort  of  an  electrostatic  lens.  Such  configurations 
occur  naturally  in  ceramics,  such  as  in  the  joining  of  two  or 
more  ceramic  ^heres  ^herical  contact  nedcs  shown  in 
Fig.  1.  This  is  the  characteristic  microstructure  present  in  a 
ceramic  undergoing  arq^  form  of  sintering.  The  nedc  radius 
ofcurvature  pis  given  by  x2/(2/?),  where  x  and  are  neck 
and  qrhere  radii. 

We  have  performed  finite  quasi-electrostatic  difference 
simulations  of  the  structure  in  Fig.  1  in  three  dimenrinn^  for 
a  variety  of  angles  6,  where  ^is  the  angle  between  the 
principle  axis  joining  the  spheres  and  the  direction  of  the 
appli^  field  [2].  In  this  finite  difierence  procdiure  a 
nKxlel  qrace  is  created  fiom  simulation  cells  that  are  filled 
wifir  either  air  or  ceramic  to  form  the  desired  rhicrostructure, 
and  appropriate  permittivities  are  a^gned  to  cells.  Quasi 
electrostatic  simulatioris  are  justified  since  at  fiequencies  in 
the  1-30  GHz  range,  the  wavelengths  and  skin  dqrths  in 
typied  dielectiics  are  of  the  order  of  millimeters  compared  to 
microstructure  elements  on  the  s<^e  of  microns.  .The  non¬ 
zero  frequoicy  regime  is  handled  through  the  use  of  complex 
permittivities  and  potentials.  An  ajqrlied  electric  field  is 
created  by  assigning  a  potential  of  zero  on  the  bottom  of  the 
m^l  space,  and  a  potential  of  one  at  the  top  (opposite  fiice). 
Mirror  boundary  conditions  are  applied  to  the  other  four 
sides.  Internal  potentials  are  found  at  the  vertices  that  define 
each  cell  by  iteration,  and  electric  fields  are  conqruted 
afterwards  fiom  potential  gradients 


and  the  axis  of  joining  was  located  in  the  y-z  plane  (making 
an  angle  of  ^with  respect  to  the  z-axis).  Spheres  of  radius  I? 
— 14  were  used,  and  the  inter-sphere  separation  was  chosen  to 
give  a  nedc  radius  X  equal  to  0.2612.  Tostud(ytwo 
representative  materials,  dielectric  permittivities 
rqrresentative  of  dther  hot  AI2O3  at  35  GHz  (^  =  10  -l.Oj)  or 
hot  ZnO  at  2.45  GHz  {e=  40-20j)  were  used  for  the  ceramic 
cells.  For  6- 0®,  intensified  fields  inside  the  ceramic  are 
found  throughout  the  circular  inter-particle  contact  zone,  with 
the  highest  fields  located  directly  adjacent  to  the  outer 
circumference  of  the  nedc.  The  peak  internal  fields  are 
agnificantly  greater  than  the  applied  field.  Lesser  peak 
intensities,  with  a  similar  ^tid  pattern  within  the  neck,  arc 
fou^  for  other  values  of  ^ .  A  plot  of  this  effect  for  the  neck 
region  in  two  materials  is  shown  in  Fig.  2.  For  the  case  with 
6  =90°,  the  peak  field  in  the  nedc  region  is  less  than  the 

applied  fidd  and  less  than  the  spatially  averaged  field 
throughout  the  volume  of  ceramic.  The  peak  external  field 
(in  air-^^  pores)  follows  a  similar  pattern  as  a  function  of 
6y  but  .^e  intensification  values  are  about  twice  as  large. 


Figure  1.  Diagram  of  the  spherical  neck  geometry 

In  these  simulations  uniform  cubical  mesh  cells  were  used, 
and  the  model  space  was  composed  of 32x64x64  (x,y,z)  cells. 
The  geometry  was  constructed  such  that  the  center  of  the 
contact  region  was  located  at  the  trKxlel  space  center  (x=16, 
y=32,  z=32),  the  applied  field  was  direct^  along  the  z  axis, 


Angle  between  E  field  and  axis  of  joining  (degrees) 
Figure  2.  Results  of  simulations  for  internal  fields 
For  the  case  with  ^  =  0°,  a  variable  mesh,  2D  axis- 

symmetne  sitnulation  of  high  accuracy  was  performed,  and 
the  results  are  shown  in  Fig.  3.  The  simulations  typically 
used  230  radial  cells  170  axial  cells,  with  a  great 
concentration  of  cells  in  the  nedc  region  to  accurately  model 
the  radius  of  curvature  p  in  Fig.  1.  The  agreement  between 
these  more  accurate  simulations  and  the  3D  versions  is  quite 
good  at  jyR  =  0.26.  At  smaller  ratios  of  r72  the  field 
intensification  increases  dramatically.  For  Al2C)3,  peak 
internal  fields  for  relevant  values  of  are  3-8  larger 
than  the  ^plied  field,  and  in  ZnO  the  intensification  factor  is 
10-30  times.  The  ratio  of  the  deposited  power  density 
(prc^Mrtional  to  sTE^)  at  the  peak  field  location  divided  by 
the  average  power  density  in  the  entire  ceramic  portion  of  the 
model  is  also  plotted  in  Fig.  3.  This  is  an  important  curve, 
since  the  spatially  averaged  in  the  ceramic  grains  by 
themselves  is  directly  related  to  the  average  power  density 
and  thus  the  heating  rate,  and  it  can  be  calculated  fi-om 
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ejqieiiments.  Knowing  this,  the  peak  field  in  the  ceramic  due 
to  intensification  can  be  determined  fiom  the  plots,  as  well  as 
the  peak  external  field.  For  AI2O3  local  power  densities  can 
be  100  times  greater  than  the  average  value,  and  in  ZnO  the 
fector  is  over  4000.  These  &ctors  &r  exceed  previous 
estimates  [1, 3].  Corresponding  peak  external  fields  were 
found  to  be  in  the  range  of  10>1S  higher  than  the  applied  field 
for  AI2O3  and  30-60  for  ZnO. 


0.0  0.1  '0.2  0'3  0.4  OJ 

Neck  radiuf  /  sphere  nidnu 


Fig 

ure  3.  Results  of  variable  mesh  simulations  for  6=  0. 
Possible  Effects  of  Lo^i^  Field  Intensification 

One  of  the  advantages  of  microwave  heating  is  rapid 
processing,  made  possible  by  the  direct,  volumetric  nature  of 
the  absorption  process.  Microwave  sintered  materials  are 
typically  heated  at  rates  ranging  from  a  modest  20  "C/niin  to 
150  ®C/min  or  more.  Even  at  high  temperatures;  many 
materials  that  have  been  processed  with  microwaves,  such  as 
relatively  high  purity  AI2O3  or  AIN,  have  relatively  small 
absorption  («"  in  the  range  of  0.01  to  0.1).  Applying  Eq.  1  to 
typical  ceramic  bodies  indicates  that  average  fields  within  the 
ceramic  body  are  in  the  range  0.5  to  1.0  kV/cm  for  a  50 
•CVmin  heating  rate.  Under  these  same  conditions,  the  field 
intensification  calculations  outlirted  above  indicate  that  peak 
fields  in  the  regions  of  the  pores  closest  to  the  interparticle 
contact  nedcs  (the  peak  external  field  in  the  above  discussion) 
can  easily  be  as  hi^  as  10-50  kV/cm.  These  fields  are  in  the 
general  range  required  to  trigger  unintentional  electrical 
discharges  mid  ionization  in  the  ambient  atmo^beric- 
pressure  processing  gas  present  in  the  pores  inside  the  object 
being  processed  [1],  without  ary  external  breakdown  in  the 
processmg  chamber.  As  a  result  of  these  calculations,  we 
Itypothesize  that  atmospheric-pressure  microwave  sintering  at 
modest  to  high  heating  rates  involves  plasma-ceramic 
interactions  which  are  not  apparent  from  the  macroscopic 
conditions  surrounding  the  sample  during  processing. 

Deliberate,  macroscopic-scale  microwave-induced  plasma 
sintering  of  ceramics  at  reduced  pressures  has  been  shown  to 
exhibit  altered  sintering  characteristics  compared  to 
conventional  sintering,  including  athennal  effects  [4].  Such 
effects  have  been  carefully  documented  in  aluminum  oxide 
processed  in  an  oxygen  plasma,  and  include  enhancement  in 


the  sintering  rate  associated  with  differences  in  the  pre- 
ejqxmential  term  of  the  diffusion  coefficient  [4J.  The 
researchers  involved  in  this  AI2O3  study  proposed  that  the 
enhancement  results  fiom  an  increased  concentration  of 
aluminum  intersitials  by  the  stripping  of  O^’  fiom  the  surfece 
by  bombardment  by  fiom  the  plasma.  Higher  sintering 
rates  were  observed  at  lower  gas  pressures,  which  is 
constant  with  the  O"*"  induced  stripping  l^^iothesis  since 
there  is  a  greater  ratio  of  O'*"  to  O2  in  the  plasma  as  the  total 
pressure  dix^.  The  results  are  quite  dramatic;  an  order  of 
magnitude  increase  in  the  sintering  rate  was  observed  as  the 
pressure  dropped  fiom  2.4  to  1. 1  UPa.  The  sintering  rate  of 
AI2O3  in  conventional  furnaces  is  also  known  to  have  a 
dqiendenoe  on  the  partial  pressure  of  oiQ^gen  in  the  process 
gas,  but  the  effect  is  only  a  foctor  of  2.25  over  seven  orders  of 
magnitude  change  in  partial  pressure.  In  summary,  the 
microwave  plasma-sintering  process  offers  the  possibility'  of 
much  more  rapid  sintering  compared  to  conventional  mf-anc 
and  apparently  the  only  role  of  the  microwaves  is  to  create  the 
plasma  rather  than  cause  mysterious  "microwave  effects"  by 
unknown  means. 

When  one  considers  the  possibility  of  localized  di<a^tiarg«>c 
within  the  pores  of  a  ceramic  undergoing  ordinary 
(atmospheric  pressure)  microwave  sintering,  cau^  by 
electric  field  intensification,  one  can  argue  that  some  of  the 
reported  changes  in  sintering  and  grain-growth  kinetics  in 
'  microwave  processing  [5]  could  actually  be  caused  by  pinsma 
effects.  Since  the  electric  field  intensification  in  a  porous 
ceramic  is  at  its  maximum  when  the  spheres  are  in  poor 
contact  with  each  other  (early  in  the  sintering  process  when 
values  of  x/R  for  the  ne^  are  small),  one  would  e;q)ect 
reports  of  enhanced  sintering  in  microwave  processed 
ceramics  to  occur  at  the  early  and  intermediate  stages  of 
sintering,  rather  than  near  foil  densityr.  This  is  exactly  what 
is  r^xirted  in  the  literature  [6].  Furthermore,  there  is  often 
poor  reproducibility'  of  such  "microwave  effects",  which  could 
conceivably  be  linked  to  variability'  in  discharge  conditions 
related  to  sur&ce  roughness  of  the  particles,  grain  size,  and 
the  exact  values  of  ^lied  field  created  by  the  applicator. 

This  woric  was  sq^rted  by  the  AFOSR/MURI  program 
on  high  power  microwaves  and  an  ARO  STIR. 
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Abstract 

Millimeter  waves  couple  more  strongly  than  conventional 
microwaves  to  low-absorption  ceramics  such  as  pure  ox¬ 
ides,  eliminating  the  need  for  auxiliary  heating  at  low  tem¬ 
peratures.  This  paper  presents  35  GHz  sintering  data  ob- 
tmned  at  NHL,  using  a  gyrotron-powered  furnace,  for  fine- 
grain  (submicron)  alumina  compacts  and  compares  our 
data  with  results  from  other  high  frequency  microwave  and 
conventional  sintering  studies. 


its  industrial  importance,  large  data  base,  and  challeng¬ 
ing  microwave  properties.  This  paper  presents  35  GHz 
sintering  data  obtained  at  NRL  for  fce-grain  (submicron) 
alumina  compacts  and  compares  our  data  for  densifica- 
tion  as  a  function  of  temperature  with  results  from  other 
high  frequency  microwave  and  conventional  furnace  sinter¬ 
ing  studies. 

35  GHz  Pulsed  Gyrotron-Powered  Furnace 


Introduction 

The  use  of  microwaves  for  heating,  sintering/densification, 
and  annealing  of  ceramic  powders  and  compacts  has  sev¬ 
eral  advantages,  particularly  the  ability  to  deposit  en¬ 
ergy  volumetrically  in  the  sample,  and  the  possibility  of 
rapid  heating  and  cooling  profiles.  The  possibility  of 
more  rapid  densification  compared  to  conventional  meth¬ 
ods  is  expected  to  result  in  reduced  grain  growth  and  im¬ 
proved  material  properties  [1].  The  development  of  pow¬ 
erful  gyrotrons  has  opened  up  the  millimeter-wave  regime 
(>  24  GHz)  for  processing  ceramic  materials.  Millimeter 
waves  couple  more  strongly  than  conventional  microwaves 
to  low-absorption  ceramics  such  as  pure  oxides,  eliminat¬ 
ing  the  need  for  auxiliary  heating  at  low  temperatures,  and 
highly  uniform  fields  intensities  can  be  achieved  in  compact 
overmoded  cavity  applicators.  A  number  of  low  and  high 
frequency  microwave  sintering  studies  have  been  reported 
[2-4],  and  the  results  have  generally  indicated  that  sin¬ 
tering  proceeds  much  faster  in  microwave  furnaces  when 
compared  to  conventional  furnaces,  and  that  densification 
may  occur  at  lower  temperatures.  Lower  sintering  tem¬ 
peratures  are  desirable  for  minimizing  grain  growth  that 
usually  has  a  negative  effect  on  the  mechanical  proper¬ 
ties  of  ceramics.  The  significant  temperature  differences 
observed  between  conventional  and  microwave  sintering 
in  some  studies  [2]  has  motivated  the  search  for  a  non- 
thermal  microwave  enhancement  effect  that  could  prefer¬ 
entially  drive  the  sintering  process  [5].  To  assess  the  po¬ 
tential  of  high  frequency  microwave  sintering,  and  to  inves¬ 
tigate  the  possibility  of  a  specific  microwave  mechanism, 
the  Naval  Research  Laboratory  (NRL)  has  recently  under¬ 
taken  a  systematic  study  focused  on  alumina  because  of 


A  schematic  of  the  pulsed  35  GHz  gyrotron-powered  fur¬ 
nace  and  diagnostic  system  is  shown  in  Fig.  1.  A  high 
pulse  repetition  rate  gyrotron  of  standard  design  operates 
in  the  TEoi  circular  waveguide  mode  at  a  voltage  of  70  kV, 
currents  up  to  10  A,  and  pulse  lengths  up  15  /xs.  The  gy¬ 
rotron  system  was  originally  developed  for  high  power  mi¬ 
crowave  effects  testing  at  NRL  and  has  been  modified  for 
material  processing  applications.  The  peak  pulsed  power 
of  the  gyrotron  is  about  80  kW  and  the  maximum  duty  fac¬ 
tor  is  0.5%  corresponding  to  a  maximum  average  output 
power  of  400  W.  The  gyrotron  output  efficiency  is  20-30% 
and  the  average  power  is  controlled  by  varying  the  PRF, 


Pressurized 

Ka-Band 

Wavegiide 

^Wofkptece 
/  &  Insulation 


2-Color 

Pyrometer 


Hard-Tube 

Modulator 


Crystal 
OetectorL 

PreQue^  Var. 
Meter  Atten. 


Crystal 

Detector 


Multihole 

Vlewir>g 

Port 


Figure  1:  Schematic  of  35  GHz  pulsed  gyrotron  with  mul¬ 
timode  resonator  furnace. 


After  exiting  an  alumina  output  window,  the  microwave 
power  passes  through  a  mode  converter  that  transforms 
the  TEoi  circular  waveguide  mode  into  the  TEio  mode 
in  rectangular  Ka-Band  waveguide.  The  power  is  then 
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transported  to  the  cavity  applicator  and  monitored  using 
standard  Ka-band  waveguide  components  pressurized  with 
SFe  or  N2  gas  to  2  atm.  to  avoid  microwave  break¬ 
down.  The  cylindrical,  highly  overmoded  cavity  applica¬ 
tor  (18  cm  dia.,  21  cm  height)  may  be  isolated  from  the 
rest  of  the  waveguide  system,  allowing  a  choice  of  sintering 
atmospheres.  As  shown  in  Fig.  1,  the  system  is  operated 
without  a  circulator  to  absorb  power  reflected  from  the  ap¬ 
plicator;  however,  this  power  does  not  signiflcantly  impact 
the  operation  of  the  gyrotron  at  the  present  power  levels. 
In  any  case,  the  reflected  power  is  quite  low  at  sintering 
temperatures,  typical  measured  power  reflection  coeffi¬ 
cients  include:  R  ^  0.13  for  the  empty  cavity,  R  0.05 
when  the  cavity  contains  a  casket  and  compact  at  room 
temperature,  and  ^  0.01  when  the  compact  is  hot. 

Experimental  Results 

Results  for  high  frequency  microwave  sintering  of  com¬ 
pacts  pressed  from  Sumitomo  AKP-50  alumina,  a  sub¬ 
micron  grain-size  a-phase  powder,  are  shown  in  Fig.  2, 
which  compares  our  35  GHz  results  with  the  28  GHz  data 
obtained  at  Oak  Ridge  National  Laboratory  (ORNL)  [2], 
and  the  60  GHz  data  obtained  by  Meek  et  al.  [3]  in  a  col¬ 
laboration  between  Los  Alamos  National  Laboratory  and 
Varian  (LASL/Varian).  For  compairison,  the  figure  also 
shows  conventional  furnace  sintering  data  for  60  minute 
hold  time  obtained  at  ORNL  and  NRL.  All  the  NRL  com¬ 
pacts  underwent  rapid  heating  and  cooling  without  crack¬ 
ing.  The  NRL  microwave  results  include  5  and  60  minute 
hold  time  data,  and  the  LANL/Varian  hold  times  at  high 
temperature  were  1-5  minutes.  The  ORNL  hold  time  was 
60  minutes.  The  NRL  and  LASL/Varian  compacts  con¬ 
tained  no  additives,  while  the  ORNL  compacts  contadned 
0.1%  wt.  MgO,  a  grain  growth  inhibitor.  The  ORNL  and 
LASL/Variem  compacts  were  processed  in  vacuum,  while 
the  NRL  compacts  were  processed  in  pressurized  air  or 
nitrogen. 


Figure  2:  Densification  of  Sumitomo  AKP-50  alumina 
compacts  by  millimeter-wave  and  conventional  pressure- 
free  sintering. 

As  shown  in  Fig.  2.  there  is  good  agreement  between 
the  NRL  and  ORNL  conventionally  sintered  compacts,  in- 
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dicating  that  the  sintering  atmosphere  and  additives  have 
little  effect  on  the  temperature  dependence  of  sintering. 
Conventional  sintering  is  shown  to  achieve  95%  of  the  theo¬ 
retical  density  at  about  1400®C.  The  NRL  microwave  data 
for  a  5  min.  hold  time  is  shifted  to  about  100°C  higher 
temperature  than  the  conventional  data.  The  NRL  60  min. 
hold  time  data  shows  increased  densification,  as  expected, 
and  is  in  fairly  good  agreement  with  the  conventional  data.' 
There  is  also  good  agreement  between  the  NRL  short  hold 
time  and  the  LASL/Varian  data.  In  contrast,  the  ORNL 
microwave  data  shows  densification  at  much  lower  temper- 
atur^  than  obtained  by  the  conventional  furnace.  Densi¬ 
fication  to  95%  of  the  theoretical  density  is  achieved  by 
1000  C,  a  shift  of  about  400® C,  The  reason  for  the  differ¬ 
ence  between  the  ORNL  and  NRL  microwave  data  is  not 
currently  understood.  An  analysis  of  possible  errors  in 
our  temperature  measurements  suggests  that  our  pyrome¬ 
ter  data  underestimates  the  workpiece  temperature  by  up 
to  a  few  tens  of  degrees  because  we  are  making  a  surface 
measurement  whereas  microwave  heating  usually  produces 
hotter  temperatures  in  the  interior,  and  because  of  radia¬ 
tive  losses  due  to  the  pyrometer  view  hole.  Thus  errors  in 
our  temperature  measurement  are  unlikely  to  account  for 
the  difference  in  the  results. 

The  present  results  suggest  that  microwave  processing 
of  Sumitomo  AKP-50  alumina  does  not  lead  to  sintering 
at  significantly  lower  temperatures  than  obtained  in  con¬ 
ventional  furnaces.  This  has  implications  for  the  effect  of 
microwave  fields  on  the  activation  enthalpy  for  sintering. 
FVom  an  applications  standpoint,  the  faster  processing  pos¬ 
sible  in  a  microwave  furnace  does  appear  to  be  helpful  in 
reducing  grain  growth.  Data  will  be  presented  that  shows 
very  little  grain  growth  occurring  during  microwave  sinter¬ 
ing  except,  as  expected,  at  densities  over  90%.  The  final 
grain  size  is  about  1  fim  which  compares  favorably  with 
conventional  fiirnace  sintering. 
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Abstract 

The  quasioptical  gyrotron  (QOG)  is  under  development 
at  the  Naval  Resear^  Laboratory  as  a  tunable,  high  power 
source  of  millimeter-wave  radiation[l].  A  new  application 
of  the  QOG  is  in  the  rapid  sintering  of  high-strength  ce¬ 
ramic  materials  and  other  heating  processes.  Millimeter- 
wave  radiation  is  expected  to  heat  samples  much  more  uni¬ 
formly  and  rapidly  than  conventional  furnaces,  resulting  in 
improved  material  properties[2].  This  paper  describes  the 
experimental  set-up  of  the  gyrotron  and  in  situ  cold  tests 
of  the  asymmetric  quasioptical  resonator. 

Experimental  Set-Up 

A  schematic  diagram  of  the  experiment  is  shown  in  Fig¬ 
ure  1,  where  a  20  kV,  1.5  A  dc  power  supply  energizes 
the  magnetron  injection  gun  (MIG).  The  MIG  produces 
an  annular  electron  beam  where  the  pitch  angle  a  is  var¬ 
ied  by  adjusting  the  intermediate  anode  voltage  and/or 
the  electron  gun  trim  coil.  The  magnetic  field  is  produced 
by  a  cold  bore  superconducting  magnet  with  a  magnetic 
compression  ratio  of  26.8  in  the  absence  of  the  trim  field. 
The  electron  beam  is  collected  above  the  magnet  dewar 
in  a  water-cooled  collector.  A  pair  of  asymmetric  mirrors 
comprise  the  quasioptical  resonator,  where  radiation  is  col¬ 
lected  &om  one  side  only.  An  elliptical  reflector  is  used  to 
focus  the  radiation  beam  into  an  overmoded  cavity  to  heat 
the  workpiece. 

The  MIG  used  in  the  experiment  was  originally  designed 
for  80  kV,  35  A,  a  magnetic  compression  of  30,  and  or  = 
1.9.  Electron  trajectory  simulations  of  the  MIG  are  shown 
in  Figure  2  as  the  mod  anode  voltage  divider  is  varied. 
The  beam  voltage  is  20  kV  and  the  current  is  1.5  A.  For 
the  case  with  no  trim  field,  a  voltage  divider  setting  of 
approximately  60%  yields  a  =  2.0  and  Acr  =  30%.  By 
applying  a  trim  coil  current  of  65  A,  the  velocity  spread 
drops  to  Aa  =  10%  for  the  same  pitch  angle.  Capacitive 
probes  in  the  drift  tube  will  measure  the  average  pitch 
angle  of  the  electron  beam. 

Asymmetric  mirrors  6.8/13.6  cm  in  diameter  form  the 
quasioptical  resonator  with  3%  output  coupling  at  85 
GHz.  Approximately  80%  of  the  resonator  round-trip 
losses  diffract  around  the  small  mirror,  which  simplifies 
the  required  waveguide  system.  The  mirrors  are  placed 
near  the  vacuum  flanges  of  the  crossbore  at  a  separation 
of  approximately  62  cm.  The  mirror  radius  of  curvature  is 


Figure  1:  Schematic  diagram  of  the  quasioptical  gyrotron 
and  high  frequency  microwave  applicator. 
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Figure  2:  Electron  trajectory  simulations  of  the  electron 
gun. 
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Figure  3:  Schematic  diagram  of  the  cold  test  set-up. 

chosen  to  be  65  cm  so  that  the  transverse  radiation  profile 
fits  inside  the  magnet  crossbore.  Moving  the  large  mirror 
Jjy  i2.5  cm  results  in  the  calculated  output  coupling  vary¬ 
ing  from  1.6  to  4.9%  at  85  GHz.  The  movable  mirror  also 
allows  for  the  optuiuzation  of  the  output  coupling  when 
the  gyrotron  frequency  is  tuned. 

Cold  Test  Results 

Cold  tests  of  the  asymmetric  resonator  have  been  per¬ 
formed  in  sHu  to  measure  the  quality  factor  (Q)  and  sensi¬ 
tivity  to  alignment.  A  schematic  diagram  of  the  cold  test 
set-up  is  shown  in  Figure  3.  An  IMPATT  oscillator  at  95 
GHz  is  used  to  excite  the  resonator  through  a  coupling 
hole  in  the  small  mirror.  The  rf  frequency  is  swept  by 
applying  a  small  voltage  ramp  to  the  fm  port  on  the  os¬ 
cillator.  The  IMPATT  produces  a  small  amount  of  power 
at  a  frequency  of  1.5  x  fo  =  142.5  GHz,  which  is  also  used 
in  the  measurements.  In  the  experiment,  the  small  mirror 
is  fixed  while  the  large  mirror  is  mounted  using  3  preci¬ 
sion  micrometers  so  that  mirror  separation  and  tilt  can  be 
varied.  The  initial  alignment  of  the  mirrors  is  optimized 
using  a  HeNe  laser. 

Figure  4  shows  measured  and  calculated  values  of  Q  as 
the  mirror  separation  is  varied.  A  computer  code  is  used  to 
solve  the  integral  equations  of  the  open  resonator  and  cal¬ 
culate  the  mode  pattern  and  diffraction  losses.  The  mea¬ 
sured  values  of  Q  are  consistently  lower  than  the  calcula¬ 
tions,  with  the  largest  discrepancy  occurring  near  confoc2d 
separation.  However,  this  effect  has  also  been  observed  by 
other  researchers  [3].  Cold  tests  at  142.5  GHz  yield  similar 
trends  and  results.  Tilting  the  large  mirror  by  0.5®  reduces 
the  quality  factor  by  approximately  30%.  The  signal  trans¬ 
mitted  to  the  far  coupling  hole  is  reduced  by  5  dB  under 
these  conditions,  which  allows  for  a  convenient  check  on 
the  alignment.  These  tests  provide  valuable  information 
on  the  properties  of  the  quasioptical  resonator. 


Figure  4:  Q  as  a  function  of  mirror  separation. 


Conclusions 

A  cw  quasioptical  gyrotron  has  been  designed  to  operate 
from  75-95  GHz  with  4  kW  average  power.  Electron  tra¬ 
jectory  simulations  indicate  that  reasonable  pitch  angles 
are  achievable  with  relatively  low  velocity  spread  by  using 
a  trim  coil.  Cold  test  measurements  have  been  performed 
at  95  and  142  GHz,  yieldmg  important  information  on  the 
quality  factor  and  alignment  sensitivity  of  the  asyrmnetric 
quasioptical  resonator.  The  experiment  has  been  assem¬ 
bled,  the  electron  gun  activated,  and  high  voltage  pulsed 
testing  is  underway.  This  gyrotron  will  complement  exist¬ 
ing  material  processing  experiments  at  2.45  and  35  GHz 
[4]. 
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Abstract 

We  propose  a  novel  lype  of  scanning  near-field  millimeter- 
wave  microscopy  that  achieves  sub-wavelength  resolution  by 
using  a  metal  slit  as  a  scanning  probe  and  an  image  reconstruc¬ 
tion  algorithm  based  on  computerized  tomographic  imaging.  In 
experiments  at  60GHz  (h=^  5mm)  with  slit  dimensions  of  0.1mm 
X  4.8mm,  we  have  demonstrated  an  image  resolution  better  than 
0.25mm. 

Introduction 

Difliaction  limits  the  resolution  of  a  conventional  microscope 
to  approximately  X/2.  Resolution  down  to  7J20  have  been  dem¬ 
onstrated  with  scanning  near-field  optical  microscopes  which 
fence  incident  light  through  a  submicroscopic  aperture[  1-3].  Simi¬ 
lar  results  had  previously  been  demonstrated  in  the  microwave 
region  [4],  Unfortunately,  even  in  the  ideal  case  of  an  infinitely 
thin  and  perfectly  conducting  screen,  the  total  flux  transmitted 
through  a  small  hole  drops  with  the  sixth  power  of  the  radius.  In 
reality,  the  finite  thickness  of  the  conductor  and  the  chosen  coni¬ 
cal  shape  of  the  scanning  probe  create  a  hollow  waveguide  op¬ 
erating  below  its  cutoff  frequency,  so  that  much  of  the  incident 
radiation  field  is  reflected  before  it  reaches  the  aperture.  As  a 
result,  sensitive  photon  counting  and  very  slow  scan-speeds  have 
had  to  be  used  in  these  microscopes  and  improvements  in  reso¬ 
lution  or  sensitivity  appear  difficult  Similar  problems  are  en¬ 
countered  when  operating  an  aperture  microscope  in  the  reflec¬ 
tion  mode  [5].  To  circumvent  these  problems,  transmission  line 
microscopes  using  a  coaxial  cable  as  a  probe  have  been  devel¬ 
oped  with  some  success  [6,7]. 

Here  we  propose  and  demonstrate  a  new  type  of  scanning 
near-field  millimeter-wave  microscopy  (SNMM)  using  a  metal 
slit  at  the  end  of  a  rectangular  waveguide  as  a  scanning  probe. 
Figure  1  shows  the  waveguide  probe  used  in  our  experiments, 
and  also  the  dimensions  of  a  slit  and  the  frequency  used.  A  re¬ 
duced-height  waveguide  forms  the  slit;  the  wide  dimension  of 
the  slit  and  that  of  the  waveguide  are  identical  but  the  waveguide 
height  is  reduced  down  to  X/60.  The  probe  can  be  operated  above 
the  cutoff  frequency  imposed  by  the  wide  dimension  and  thus 
provide  stronger  signals  than  point-type  probes,  resulting  in  im¬ 
provements  in  resolution  or  sensitivity. 


ning  probe,  we  adc^ted  an  image  reconstruction  algorithm  based 
on  computerized  tomographic  imaging  (such  as  that  used  in  x- 
ray  CT  imaging)  [8],  Figure  2  is  a  sketch  of  our  experimental 
setup.  The  waveguide  probe  and  a  receiving  horn  are  both 
mounted  on  fixed  stages  and  are  connected  to  a  WILTRON  360B 
vector  network  analyzer  (VNA).  The  object  to  be  imaged  is 
mounted  on  a  motor-driven  rotational  stage,  which  is  attached 
to  another  motor-driven  linear  stage.  These  two  motor-driven 
stages  and  VNA  are  controlled  by  a  computer.  The  object  is 
scanned  linearly  for  different  object-rotation  angles,  0.  Hiis  scan 
method  is  quite  different  from  the  raster-scanning  technique  used 
in  the  other  conventional  scanning  near-field  microscopes.  The 
signals  from  the  probe  and  the  horn  are  obtained  in  reflection 
and/or  transmission  modes  through  VNA.  Since  VNA  executes 
phase-sensitive  heterodyne  detection,  the  signals  (Sn,  S21)  re¬ 
flect  the  sum  or  line  integral  of  the  electric  field  along  the  slit 


Fig.  1  Schematic  drawing  of  the  waveguide  probe  (not  to  scale). 


Experimental  technique  and  results  Fig.2  Experimental  scheme  for  SNMM  in  reflection  and 

To  achieve  sub-wavelength  resolution  with  a  slit  as  a  scan-  transmission  modes. 
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(see  Fig.  I ),  so  that  an  image  reconstruction  code  for  parallel  pn>- 
jections[8]  can  be  used  to  display  the  near-field  distribution  in 
close  proximity  to  the  object 

The  object  used  in  our  experiment  is  a  0.9mm  x  0.75mm 
metal  patch  supported  by  a  quartz  plate  (n=  2.12,  t=  1.87mm). 
Figure  3  is  an  optical  image  of  the  object  Figure  4  shows  the 
measured  raw-data  in  reflection  mode  (Sn  signals  in  linear  mag 
&  phase)  obtained  by  linearly  scanning  the  waveguide  probe 
over  the  object  The  edges  of  a  metal  patch  can  be  clearly  distin¬ 
guished  with  a  resolution  better  than  0.16  mm,  which  is  better 
than  4/125  of  the  wavelengtL  figure  5  shows  the  reconstructed 
SNMM  images.  They  were  obtained  for  the  following  condi¬ 


tions; 

Reid  of  view  (FOV)  :  2100iim 

Sampling  interval  for  linear  motion  :  48  jtm 

Total  sampling  points  for  linear  motion  :  63  pt 
Sampling  interval  for  rotational  motion  :  5.8 1  deg. 
Total  sampling  points  for  rotational  motion  :  3 1  pL 
Probe-to-Object  separation  :  20pm. 


Intensity  and  phase  images  in  both  reflection  and  transmission 
modes  are  shown  in  this  figure.  These  images  have  a  matrix  size 
of  128  X  128,  and  a  pixel  size  of  16.5pm  x  16.5pm.  Figure  5  (e) 
shows  the  one-dimensional  intensity  variation  along  the  line  c- 
c’  in  Rg  J  (c),  indicating  an  image  resolution  better  than  0.25mm. 
These  results  indicate  the  advantage  of  this  technique  that,  due 
to  high-sensitivity,  simultaneous  acquisition  of  both  intensity  and 
phase  images  in  both  reflection  and  transmission  modes  is  pos¬ 
sible. 


Rg.3  Optical  image  of  the  object. 


(c)  (d) 


Pixett 

Fig.5  SNMM  images  of  a  metal  patch  at  60GHz:  (a)  intensity 
image  inreflection  mode,  (b)  phase  image  in  reflection 
mode,  (c)  intensity  image  in  transmission  mode,  (d)  phase 
image  in  transmission  mode,  and  (e)  one-dimensional  in 
tensity  variation  along  the  line  c-c’  in  (c). 

Summary 

A  new  type  of  scanning  near-field  millimeter- wave 
microscopy  has  been  successfully  demonsuated  using  a  metal 
slit  as  a  scanning  probe  and  an  image  reconstruction  algorithm 
based  on  computerized  tomographic  imaging.  We  beleive  the 
method  presented  here  have  a  potential  to  achieve  high-speed 
spectroscopic  imaging  with  sub-wavelength  resolution  in  the 
millimeter  and  submillimeter-wave  regions. 
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Rg.4  Measured  raw-data  in  reflection  mode  (Sn  signals)  at 
60GHz  obtained  by  scanning  the  waveguide  probe  over 
the  object  (0=  0  in  Fig.l) . 
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Abstract 

The  electron  cyclotron  heating  and  startup  will  require  gyrotron 
for  the  Korean  Superconducting  Tokamak  Advanced  Research 
(KSTAR)  project  Initial  studies  on  gyrotron  is  tepocted  to 
downscale  the  MIT  gyrotron  to  W-band(75- 110  Ghz). 


Background 

The  KSTAR  project  [1]  will  develop  a  steady-state  ctqrable 
advanced  superconducting  tokamak  to  establish  the  sciendOc 
and  technological  basis  for  an  attractive  fusion  reactor  as  a 
future  energy  source.  It  aims  to  extend  present  stability  and 
perfOTmance  boundaries  of  tokamak  operation  through  active 
control  of  profiles  and  transport,  and  explores  methods  to 
achieve  steady  state  operation  for  tokamak  fusion  reactors 
using  non-inductive  current  drive. 

Physics  design  issues  address  magnetic  field  requirements  of 
two-point  ripple  criterion  for  16  TF  coils  and  low  voltage 
start-up  capability  using  ECH-assisted  and  good  field-null 
quality  start-up,  possibly  LHH-assisted.  Flexible  features  of 
operating  boundary  and  plasma  shape  control  include  wide 
range  of  k  and  5  values  for  PF  coils  in  double  and  single  null 
configurations  with  two-pairs  of  fast  position  control  coils. 
Profile  control  of  J(r).  n(r)  and  P(r)  is  achieved  by  NBI,  FWCD 
and  LHCD  with  NBI  stacked  horizontally. 

Four  heating  and  current  drive  systems  mentioned  in  the  above 
will  function  to  control  profile  and  to  drive  plasma  rotation 
and  initiation;  (1)  neutral  beam  injection  of  120  kev  -300  sec 
with  baseline  of  8  MW  in  1  co  to  an  qrgrade  of  24  MW  in  2 
CO  1  ctr,  (2)  ICRF/FWCD  of  30-80  MHz  -300  sec  with  6 
MW  in  1  launcher  to  12  MW  in  2  launchers,  (3)  LHCD  of 
3.7  GHz  -300  sec  with  1.5  MW  to  4.5  MW,  and  (4)  ECH  of 
80  GHz  start-up  -0.5  sec  with  0.5  MW, 

Im^rtant  parameters  for  the  KSTAR  project  are  as  follows; 
major  radius  1.8  m,  minor  radius  0.5  m,  toroidal  field  3.5 
tesla,  plasma  current  2.0  MA,  elongation  2.0,  triangularity 
0.8,  and  pulse  length  of  current  drive  between  20  and  300  sec. 
The  plasma  species  are  H  and  D,  and  to  be  heated  and  driven  by 
NBI,  ICRH/FWCD,  LHCD  and  ECH/ECCD. 

Diagnostics  systems,  magnet  systems,  wall  facing 
components,  and  j»wer  supply  and  control  systems  are 
subcontracted  to  major  institutions  in  collaboration  with  US, 
Japan  and  other  countries. 


Gyrotrons  for  ECRH 

A.  MIT  design  of  gyrotron 

The  hOT  gyrotron  research  resulted  in  a  successful  design  and 
experiment  for  heating  fusion  plasmas  at  frequencies  between 
107  and  151  GHz  in  order  to  achieve  the  required  power  over  1 
MW[2][3].  The  parameters  used  in  the  1 10  GHz  experiment  for 
TE22,s,i  mode  were  83  KV  beam  voltage,  34  amp  current, 
1.63  a,  1.01  cm  beam  radius,  1.98  cm  wall  radius,  6.5  L/X 
850  diffractive  Q,  1.7  Q/Q„i„  and  0.7  KW/cm^  average  loss! 
The  efficiency  was  40%  and  voltage  depression  5.2  KV. 

B.  KSTAR  requirement 

The  startup  and  heating  for  the  KSTAR  project  will  be  draie 
around  at  3.5  tesla  of  the  toroidal  magnetic  field.  The 
corres^nding  gyrotron  fijequency  can  be  between  84-1 10  GHz. 
Our  aim  is  to  perform  the  down  scalability  from  the  MIT 
design  in  107-151  GHz  without  losing  its  efficiency. 

C.  Gyrotron  design  for  KSTAR 

We  will  show  some  initial  result  of  gyrotron  design  done  in 
MIT  at  110  GHz  for  this  efforts  using  the  same  mode  TE^,  ,;  , 
The  cavity  ohmic  loss  is  lowered  conservatively  below  1 
KW/cml  The  cavity  consists  of  the  4”  input  linear  taper, 
output  nonlinear  uptaper,  and  axial  rf  profile  of  6.6  Uk. 


Axial  distance  (mm) 

Fig  1.  1 10  GHz  MIG  gun  run  :  Av/v^,  B,.  and  a=v 
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The  MIG  gun  ran  shows  6.5%  petpendicular  velocity  spread  at 
0=1.62  as  in  Fig.l.  The  E-gun  trajectoiy  is  shown  in  Fig.  2. 
The  magnified  caviQr  dimension  (a)  along  the  radial  direction  is 
shown  in  Fig.  3  together  with  the  parameters:  f=l  10.287  GHz, 
0=785.46,  6.6,  0.81,  Leak=  0%,  F=  0.1,  n= 

13.96.  The  initial  gaussian  wave  is  plotted  in  (b). 


The  MIT  gyrotron  code  produces  the  efficiency,  beam  radius, 
and  rf  profile  along  the  cavity  of  the  mode  for  77  KV  and  34 
amp.  The  maximum  efficiency  is  42.8%. 


AlWdtenca 


fig.  3.  Profile  of  the  cavity  dimension  magnified  along  the  radial 
direction  and  rf  wave  amplitude. 

The  dif^tive  Q  has  the  value  of  723  with  ohmic  loss  of  0.54 
KW/cm  .  Its  power  at  maximum  peaks  to  1.2  MW. 


Future  Research  Plan 

Based  upon  the  MTT  results,  further  study  will  continue  for  the 
downward  scalability  of  gyrotron  performance.  Related  studies 
on  ECRH/ECCD  are  also  being  carried  out. 


2  (CM) 

fig.  4.  The  efficiency  of  110  GHz  Gyrotron  :  (a)  efficiency,  (b) 
radius  (cm),  and  (c)  rf  profile  for  self-consistent  cavity  simulation. 
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Abstract  field  after  passing  through  a  kicker  (cyclotron  emission)  or 

oscillated  in  a  combined  undulator  and  guiding  magnetic  field 
The  first  experimental  results  of  the  observation  of  (undulator  emission).  The  corresponding  resonance  condition 
superradiance  from  a  single  subnanosecond  electron  bunch  are  ®au  be  presented  in  the  form 


presented.  Superradiance  was  associated  with  different 
varieties  of  stimulated  emission  (bremstruhlung,  cyclotron, 
Cherenkov,  etc);  Unique  megawatt  power  level  microwave 
pulses  of  short  duration  (0.3-0.5ns)  have  been  obtained. 

Introduction 

In  recent  years  much  attention  has  been  given  to  theoretical 
considerations  of  superradiance  (SR)  from  space-localized 
non-equilibrium  ensembles  of  electrons  [1-10].  This 
phenomena  includes  features  of  present  in  both  stimulated 
(selfbunching  and  coherence)  as  well  as  spontaneous  processes 
(absence  of  threshold).  It  is  reasonable  to  consider  SR  in  a 
specific  situation  when  the  electron  pulse  duration  essentially 
exceeds  the  operating  wavelength  (otherwise  it  is  effectively 
traditional  spontaneous  emission  )  while  at  the  same  time  is 
less  or  comparable  with  the  interaction  length  (in  contrast  with 
traditional  mechanisms  of  stimulated  emission  of  quasi- 
continuous  electron  beams  which  are  used  extensively  in 
microwave  electronics  -  PEL,  TWT,  BWO,  CRM,  etc). 
Coherent  emission  from  the  entire  electron  pulse  can  only 
occur  when  a  selfbunching  mechanism  typical  for  stimulated 
emission  develops.  Another  natural  condition  of  coherent 
emission  is  the  mutual  influence  of  different  fractions  of  the 
electron  beam  pulse.  In  the  absence  of  external  feedback  such 
influences  can  be  caused  by  slippage  of  the  wave  with  respect 
to  the  electrons  due  to  a  difference  between  the  electron  drift 
velocity  and  electromagnetic  wave  group  velocity. 

Superradiance  and  Mechanisms  of  Stimulated 
Emissions 

Superradiance  can  be  related  with  different  mechanisms  of 
stimulated  emission;  bremstruhlung,  cyclotron,  Cherenkov,  etc. 
In  this  report  we  present  results  of  the  experimental 
observation  of  different  types  of  SR  from  isolated  electron 
bunch  in  the  K,  frequency  band.  The  SR  pulses  have  been 
observed  from  a  bunch  of  electrons  moving  along  helical  as 
well  as  rectilinear  trajectories.  The  first  type  of  trajectory  was 
realized  when  electrons  started  to  rotate  in  a  uniform  magnetic 


©  -  kv,|  =  n 

where  £2  is  gyrofrequency  «h  for  cyclotron  SR  and 
Q=27rvi  i/^u  is  the  bounce  frequency  for  undulator  SR,  and 
is  undulator  period.  It  is  important  to  note  that  the  additional 
condition  of  group  synchronism  has  been  explored.  Under 
such  condition  the  electron  bunch  longitudinal  velocity 
coincides  with  the  wave  group  velocity  propagating  in  a 
regular  waveguide.  It  has  been  shown  theoretically  [9]  that  this 
regime  gives  the  possibility  of  increasing  the  growth  rate  of  the 
SR  instability  and  also  of  reducing  the  sensitivity  of  the 
interaction  to  the  spread  of  electrons  parameters. 

In  the  case  of  a  bunch  of  electrons  moving  along  rectilinear 
trajectories  in  a  guiding  magnetic  field  Cherenkov  type  SR  has 
been  studied  for  two  types  of  slow-wave  structures.  The  first 
was  a  periodically  corrugated  metallic  waveguide  where  a 
bunch  radiates  under  synchronism  with  the  slow  spatial 
harmonic  of  the  backward  wave 

©  =  (-k  +  kc)v„ 

where  kc=27t/  Xc>  ^  is  the  corrugation  period..The  second 
used  a  dielectric  loaded  waveguide  where  forward  wave 
radiation  occurred  under  synchronism 

CO  =  kv,j 

Experimental  results 

A  RADAN  303  accelerator  with  a  subnanosecond  slicer  was 
used  to  inject  typically  0,3-0.5  ns,  0.2-1  kA,  250  keV  single 
electron  pulses  [13,  14].  These  electron  pulses  were  generated 
from  a  magnetically  insulated  coaxial  diode  which  utilized  a 
cold  explosive  emission  cathode.  An  oscillogram  of  the 
electron  bunch  current  is  presented  in  Fig. la.  The  fast  rising  e- 
beam  current  and  accelerating  voltage  pulses  were  measured 
using  a  Faraday  cage  strip  line  current  probe  and  an  in-line 
capacitive  voltage  probe  respectively,  with  both  signals 
recorded  using  a  7  GHz  Tektronix  7250  digitizing 
oscilloscope.  High  current  electron  pulses  were  transported 
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through  the  interaction  space  over  a  total  length  of  up  to  30  cm 
in  a  longitudinal  guiding  magnetic  field  of  up  to  2  T.  For 
measurement  of  the  radiation  a  hot-carrier  germanium  detector 
which  had  a  transient  characteristic  of  200  ps  was  used. 
Oscillograms  of  microwave  SR  pulses  for  different 
mechanisms  of  emission  are  presented  in  Fig.l  b-e.  The  typical 
main  pulse  duration  was  0.3-0.5  ns.  The  maximum  peak  power 
was  several  hundreds  of  kilowatts  for  cyclotron  and  undulator 
emission  and  about  1  -2  MW  for  Cherenkov  emission. 

Note  that  the  microwave  signal  in  the  case  of  a  periodical 
slow-wave  structure  ( Fig.l  d )  consisted  of  several  peaks.  The 
first  small  peak  corresponded  to  the  high  frequency  radiation 
propagating  in  the  same  direction  as  the  electron  beam  (TWT 
mechanism),  while  Ac  second  larger  peak  corresponded  to  Ae 
designed  counter-propagating  emission  tnechanism. 
Subsequent  bursts  are  related  wiA  reflection  of  radiation  from 
Ae  edges  of  Ae  slow-wave  system. 

In  Ae  case  of  cyclotron  SR  {[13,  14])  Ae  emission  appears  as 
a  set  of  two  pulses  (Fig.l  b)  related  wiA  more  fundamental 
physics.  In  fact,  under  group  synchronism  condition  m  Ae 
comoving  reference  frame  electrons  radiate  isotropicaly  at  Ae 
quasi-cutoff  frequencies  in  Ae  boA  ±z  directions.  But  m 
laboratory  fiame  boA  components  of  Ae  radiation  propagate 
towards  Ae  bunch  at  Ae  longitudinal  velocity.  So,  Ae  first 
pulse  is  created  by  photons  emitted  in  Ae  K  frame  m  Ae  +z 
direction,  while  Ae  second  one  is  by  photons  emitted  m  Ae 
opposite  direction.  Naturally  due  to  Ae  Doppler  effect  Ae 
frequency  in  Ae  first  pulse  exceeds  Ae  frequency  m  Ae  second 
pulse.  For  Ae  same  reason  Ae  peak  power  of  Ae  first  pulse  is 
significantly  greater  Aan  Aat  in  Ae  followmg  pulse  and  Ae 
duration  of  Ae  fint  pulse  is  less  Aan  Ae  duration  of  Ae 
second  pulse.  To  prove  Aat  Ae  frequency  in  Ae  first  pulse 
exceeds  Aat  of  Ae  second  pulse  a  set  of  cut-off  wavegiudes 
have  been  used.  The  dash  line  in  oscillogram  Fig.  1(b) 
illustrates  Ae  evident  suppression  of  second  low  frequency 
pulse  by  a  high  pass  filter  of  cut-off  frequency  33.3  GHz.  In 
general,  measurements  showed  a  very  broad  radiation 
spectrum  widA  which  covered  Ae  band  28.5-36.5  GHz.  Thus, 
Ae  relative  spectrum  widA  amounted  to  20\%.  Note  also  Aat 
SR  was  observed  in  a  raAer  narrow  range  of  detuning  of  Ae 
uniform  magnetic  fields  corresponding  to  grazing  conditions 
wiA  TE21  and  TEoi  modes.  It  was  Aus  proven  Aat  Ae  regime 
of  group  synchronism  is  optimal  for  cyclotron  emission. 

In  Ae  case  of  a  bunch  passing  through  an  undualor  SR  has  also 
been  rcgistrated  under  grazing  conditions  wiA  Ae  designed 
TEii  mode.  Adiabatic  tapering  of  undulator  entrance  was  used 
to  provide  excitation  of  bounce-oscillations.  The  SR  was 
registrated  for  boA  group  1  and  group  11  stationary  orbits  [15). 
The  first  group  of  orbits  corresponds  to  Ae  so  called  reverse 
guide  magnetic  field  regime  at  a  magnetic  field  strengA  of  -*1 
T  while  Ae  second  group  of  orbits  was  obtained  at  a  direct 
magnetic  field  of  strengA  -1.3  T  which  slightly  exceeded  Ae 
cyclotron  resonance  value.  The  maximum  peak  power  was 
observed  for  Ae  second  case  for  Ae  amplitude  of  undulator 
field  -0.2  T.  Typical  oscillogram  for  Ais  case  is  presented  in 
Fig.l  c. 

The  important  confirmation  of  Ae  stimulated  nature  of  Ae 
observed  radiation  is  Ae  dependence  of  Ae  peak  power  on 


Fl.l 


308 


interaction  length.  The  typical  dependence  is  shown  in  Fig.2  duration  (0.3*0.5ns)  in  combination  with  Megawatt  power 
for  the  case  of  Cherenkov  SR.  This  figure  clearly  demonstrates  levels  is  encouraging  for  future  applications  in  areas  such  as 
that  the  radiation  power  is  very  small  for  short  interaction  novel  diagnostics  and  the  studying  of  nonlinear  phenomena  in 
lengths  and  increases  drastically  as  the  interaction  length  is  plasmas.  Another  advantage  of  the  RADAN  subnanosecond 
increased.  This  means  that  in  the  initial  stage  selfbunching  of  accelerator  and  consequently  any  associated  experiments  is 


electrons  developed  and  the  radiation  power  exceeded  the 
threshold  of  the  detector's  sensitivity  only  after  formation  of 
the  electron  bunches.  The  squared  dependence  of  the  power  of 
Cherenkov  radiation  with  respect  to  the  number  of  electrons 
also  confirms  the  coherent  nature  of  observed  radiation 
Note  that  a  hybrid  system  with  a  BWO  section  as  aprebuncher 
and  a  Cherenkov  section  as  an  amplifter  was  tested  in  recent 
experiments.  As  a  result  microwave  pulses  were  obtained  with 
peak  power  up  to  2  MW  with  high  stability  typical  of  BWO 
systems. 


Fig.2  Dependence  of  peak  microwave  power  on  interaction 
length,  in  the  case  of  dielectric-loaded  waveguide. 

Conclusion. 

Summarizing  the  experimental  results  presented  we  believe 
that  the  radiation  observed  was  related  with  a  novel 
mechanism  of  stimulated  coherent  emission  of  short  electron 
bunches,  namely  superradiance.  We  should  emphasize  here 
that  coherent  emission  occurs  from  an  isolated  subnanosecond 
electron  bunch.  Of  course,  the  results  discussed  here  give  only 
a  rather  general  physical  picture  of  superradiance,  which  needs 
further  investigation,  which  would  specifically  concentrate  on 
more  accurate  measurements  and  comparison  with  theoretical 
simulations.  However  even  at  the  this  early  stage  it  must  be 
emphasized  that  the  radiation  especially  in  the  case  of  BWO- 
like  regimes  was  characterized  by  a  high  level  of  stability  and 
reproducibility  from  pulse  to  pulse.  The  efficiency  of  energy 
transformation  amounted  to  3%  for  the  Cherenkov  mechanism. 
The  unique  characteristic  of  microwave  pulses  such  as 


that  the  whole  system  is  in  the  form  of  a  table-top  system.  In 
addition  this  accelerator  is  capable  of  operation  in  the 
repetitive,  up  to  100  pps  regime. 

This  woiic  was  supported  by  the  Russian  Fund  of  Fundamental 
Research,  grant  95-02-04791  and  by  the  United  Kingdom 
DRA  and  EPSRC. 
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Abstract  tion  at  NRL  in  collaboration  with  Omega-P,  Inc.  It  is  de- 

signed  to  produce  >60  MW  at  11.4  GHz  with  >50%  effi- 
^e  magmcon  is  a  scanning-beam  microwave  ampUfier  that  ciency.  Its  essential  components  are  a  high  power  modula- 
is  being  developed  as  a  high  power,  highly  efficient  tor,  an  ultrahigh  convergence  electron  gun,  a  matched  magnet 
microwave  source  for  use  in  powering  the  next  generation  of  system,  and  a  set  of  cavities  designed  for  high  vacuum,  high 
high  gradient  electron  linear  accelerators.  In  this  paper,  we  temperature  bakeout,  and  high  efficiency  operation.  The  cir- 
present  a  process  report  on  a  new  thermionic  magnicon  ex-  cuit  consists  of  a  drive  cavity,  three  simple  gain  cavities,  and 
periment  designed  to  produce  more  than  50  MW  at  11.4  a  redesigned  penultimate  cavity,  all  operating  in  the  TMj  jq 
GHz,  using  a  210  A,  500  kV  beam  from  an  ultrahigh  con-  mode  at  5.712  GHz,  followed  by  a  new  output  cavity  operat- 
vergence  thermionic  electron  gun.  ing  in  the  TM210  mode  at  1 1 .424  GHz  (see  Fig.  1 ). 


1  Introduction 


2  The  Electron  Gun 


The  magnicon  [1]  is  a  scanning-beam  microwave  amplifier 
tube  that  is  under  development  to  power  future  high  gradient 
electron  accelerators  such  as  the  proposed  TeV  Next  Linear 
Collider  (NLC).  It  uses  rotating  TM  modes  to  spin  up  a 
pencil  electron  beam  to  high  transverse  momentum  in  a 
series  of  deflection  cavities,  the  first  externally  driven,  and 
then  a  synchronously  rotating  RF  mode  of  the  output  cavity 
is  used  to  extract  the  transverse  momentum  as  microwave 
power  at  the  drive  frequency  or  one  of  its  harmonics. 

The  Naval  Research  Laboratory  (NRL)  has  been  investi¬ 
gating  magnicon  physics  for  the  past  five  years  with  the  goal 
of  building  a  high  power  1 1.4  GHz  magnicon  tube.  Our  ini¬ 
tial  experiment  used  a  5.5-mm-diam.  beam  from  a  cold-cath¬ 
ode  diode  on  the  NRL  Long  Pulse  Accelerator  Facility.  It 
demonstrated  high  power  operation  (14  MW  ±3  dB)  at  -10% 
efficiency  in  the  synchronous  magnicon  mode  at  11.120 
GHz,  but  a  plasma  loading  problem  prevented  true  amplifier 
operation.  Nevertheless,  good  agreement  was  found  with 
predictions  of  a  simulation  based  on  the  actual  experimental 
parameters  [3,4]. 

The  Budker  Institute  of  Nuclear  Physics  (INP)  is  carry¬ 
ing  out  thermionic  magnicon  experiments  at  7  GHz  [5]. 
They  recently  reported  46  MW  at  49%  efficiency  in  a  1  psec 
pulse.  Some  members  of  the  INP  magnicon  team  are 
collaborators  in  the  present  work. 

In  this  paper,  we  present  a  progress  report  on  a  new  high 
power  thermionic  magnicon  amplifier  that  is  under  construc- 


The  magnicon  amplifier  design  requires  a  500  kV,  210  A, 
1.5-mm-diam.  electron  beam,  with  a  1.5  psec  pulse  width 
and  a  10  Hz  repetition  rate.  (The  Brillouin  diameter  is  -1.3 
mm  at  6.5  kG.)  The  electron  gun  is  a  novel  ultrahigh  con¬ 
vergence  relativistic  Pierce  gun  using  a  dispenser  cathode  (see 
Fig.  2  and  Table  I).  A  key  feature  of  the  gun  is  an 
electrically  isolated  focus  electrode  that  is  biased  negatively 
by  a  few  hundred  volts  with  resp>ect  to  the  cathode  in  order  to 
reduce  beam  halo.  This  gun  is  being  built  by  Litton 
Systems,  Inc.,  with  delivery  expected  in  July  of  this  year, 
and  a  matching  magnet  has  been  built  by  the  INP. 


Figure  1:  Thermionic  magnicon  schematic. 
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TABLE  1.  Electron  gun  design  parameters 

Current 

210  A 

Voltage 

500  kV 

Microperveance 

0.59 

Cathode  radius 

3.77  cm 

Beam  radius 

0.75  mm 

Compression  ratio 

2500:1 

Current  density 

12  kA/cm2 

Mean  cathode  loading 

4.5  AJereP- 

Figure  3:  Steady-state  simulation  for  a  1.5-inm-diam.  beam. 


TABLE  n.  'Ihermionic  magnicon  design  parameters 


Frequency 
Power 
Efficiency 
Pulse  width 
Repetition  rate 
Drive  fiequency 
Drive  power 
Gain 


11.424  GHz 
66  MW 
63% 

1.5  psec 
10  Hz 
5.712  GHz 
100  W 
58  dB 


3  The  Magnicon  Circuit 

The  drive  and  gain  cavities  are  identical  to  those  in  the  previ¬ 
ous  NRL  design  [2].  The  penultimate  cavity  is  an  iris-cou¬ 
pled  TMiio  7t-mode  two-section  cavity  that  carries  out  the 
final  stage  of  beam  spin  up.  As  a  result,  it  contains  very 
high  RF  fields,  creating  the  danger  of  RF  breakdown.  The 
objective  of  the  new  design  was  to  optimize  the  beam  spin- 
up,  while  minimizing  the  surface  RF  fields.  The  redesign 
involved  adjusting  the  beam  pipe  diameter,  rounding  of  the 
beam  tunnel  and  the  iris,  and  reducing  the  length  of  the  first 
cavity  section.  These  changes  reduced  the  maximum  surface 
electric  field  from  670  kV/cm  in  the  original  design  to  572 
kV/cm,  comparable  to  values  employed  in  high  power  X- 
band  klystrons  at  SLAG. 

The  output  cavity  was  also  redesigned  for  higher  effi¬ 
ciency  and  lower  fields  by  reducing  the  beam  tunnel  diameter, 
increasing  the  rounding  of  the  apertures,  and  shortening  the 
cavity  from  5  cm  to  4  cm.  This  is  discussed  in  greater  detail 
in  Ref.  6.  The  second  goal  is  to  redesign  the  cavity  for  side 
coupling  rather  than  end  coupling,  in  order  to  extract  the 
output  power  directly  into  X-band  waveguide.  The  INP  7 
GHz  magnicon  employs  two  rectangular  waveguides  sepa¬ 
rated  by  135®,  and  uses  additional  wall  perturbations  to 
restore  the  quadrupole  symmetry  [5].  This  is  the  approach 
that  we  have  adopted. 

Figure  3  shows  a  simulation  of  the  complete  magnicon 
circuit  for  a  1.5-nun-diam.  electron  beam.  Notice  that  large 
energy  excursions  occur  in  the  region  of  the  penultimate 
cavity,  but  that  the  energy  loss  in  the  output  cavity  is 
remarkably  uniform.  The  result  is  66  MW  at  63%  effi¬ 
ciency.  The  magnicon  design  parameters  are  shown  in  Table 
n.  Our  simulations  show  a  loss  in  efficiency  of  only  a  few 


percent  at  beam  diameters  up  to  2.5  mm. 

4  Summary 

We  have  designed  an  electron  gun  and  circuit  for  a  high  gain, 
high  efficiency  11.424  GHz  frequency-doubling  magnicon 
amplifier.  The  beam  parameters  are  500  kV,  210  A,  and  1.5- 
mm  beam  diameter.  The  electron  gun  will  be  driven  by  a 
1.5  psec,  10  Hz  modulator.  The  predicted  power  is  66  MW 
at  63%  efficiency.  This  design  is  the  basis  of  a  new 
thermionic  magnicon  experiment,  which  we  plan  to  assem¬ 
ble  and  test  in  1997. 
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Abstract 

Oscillation  of  TEu  mode' from  a  high  power  backward  wave 
oscillator  (BWO)  is  studied  experimentally  as  well  as 
analytically.  The  TEu  mode  is  observed  for  operation  of  the 
BWO  far  from  upper  cutoff  (n  mode),  vrfien  the  beam 
currents  are  less  tiian  the  starting  current  of  conventional  TMqi 
mode.  The  conversion  efficiencies  of  13%  and  11%  are 
observed  for  TEu  and  TMoi  modes,  respectively.  This  may 
indicate  a  possibility  of  further  improving  the  performance  of 
BWO’s  by  choosing  the  operation  regimes. 

Introduction 

In  conventional  high  power  backward  wave  oscillator  (BWO) 
studies,  axisymmetric  TMoi  mode  has  been  exclusively 
measured  and  analyzed  by  many  authors[l].  This  fact  may  be 
reasonable  because  the  electron  beam  and  the  slow  wave 
structure  (SWS)  are  arranged  to  be  axisymmetric.  The  energy 
source  of  the  radiation  is  longitudinal  space  charge  mode  in 
the  beam  in  a  strong  axial  magnetic  field.  The  resultant 
generated  microwaves  are  assumed  to  be  axisymmetric 
accordingly.  However,  non-axisymmetric  TE  modes  may  be 
generated  if  the  cyclotron  motion  of  electrons  contributes  to 
the  oscillation  as  was  in  the  case  of  gyrotrons. 

In  conventional  BWO’s,  the  TMoi  mode  is  generated 
effectively  by  die  operation  near  the  upper  cutoff  of  the 
transmission  band  ( it  mode).  The  starting  current  usually  has 
the  lowest  value  in  this  case.  However,  when  the  beam  currents 
are  much  larger  than  the  starting  current,  operation  in  a  multi¬ 
frequency  regime  may  result[2].  Because  a  single-frequency 
regime  is  desired,  high  power  BWO’s  should  be  operated  not 
only  by  large  beam  currents  but  also  by  a  large  starting  current 
so  that  their  ratio  does  not  exceed  3-4  .  For  that  purpose,  an 
operation  regime  far  from  it  mode  may  be  available,  if  the 
efficiency  of  oscillation  is  not  low. 

In  our  experiments  for  from  it  mode,  it  is  found  that  the 
dominant  mode  of  oscillation  is  switched  from  TMoi  mode  to 
TE||  mode,  when  beam  current  is  decreased  keeping  beam 
energy  unchanged.  In  the  present  paper,  we  analyze  and 
measure  the  TEu  mode  from  a  high  power  BWO. 

Dispersion  Relation 

We  consider  an  infinitely  long  vacuum  axisymmetric  SWS 
with  metal  wall  radius  /?(z)  expressed  as 

R{z)^R^-^hcosK^z, 


where  /?o  is  mean  radius,  h  and  zo  are,  respectively,  the 
amplitade  and  periodic  length  of  corrugation.  Maxwell 
equations  are  solved  under  the  boundary  conditions 
«:£2+£r(^^/<*)  =  0  at  r=R{z)  and 


£^(^  =  £(z))  =  0.The  resultant  dispersion  relation  of  TEi, 
modes  is 


=  0, 


_ 

'’mn  =  +  ^/n,n)  • 

(O 

=  \q  JQifi„R)cos(n-m)udu , 
'^m/t  - m)udu , 


where  Q„=K^k„/fil,  ^^2  ,^2  k„=k  +  nK„ 

m  and  /I  are  integers  from  -oo  to  oo.  other  notations  are 
Standard. 

The  dispersion  relation  for  the  first  four  TEu  modes  is  shown 
in  Fig.l,  where  /lo=1.445  cm,  A=0.445  cm  and  Zo=1.67  cm  that 
have  been  used  in  the  University  of  Maryland.  The  dispersion 
curve  for  TMoi  mode  b  shown  by  dashed-and-dotted  line  for 
comparison.  The  frequency  versus  wavenumber  for  the  first 
three  TEu  modes  are  measured  by  a  vector  network  analyzer 
(Iff-8720D)  using  a  sample  SWS.  The  measured  values 
coincide  with  the  calculated  ones  in  Fig.l  within  errors  of  1%. 


Experimental  Results 

Experimental  semp  is  identical  to  that  described  in  [3].  We 
varied  the  beam  energy  from  70  to  130  keV,  with  a  beam  pulse 
diction  ISO  ns.  In  order  to  study  the  effect  of  beam  current 
with  identical  cathode  voltage,  two  types,  A  and  B,  of  beam 
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Fig.  1  The  calculated  dispersion  diagram  for  first  four  TEi, 
modes  in  an  infinitely  long,  spatially  periodic 
structure(/Jo=  1.445,  zo=1.67  cm  and  fr=0.445  cm). 

diode  are  used.  The  beam  diode  B  allows  that  a  part  of  current 
is  bypassed  by  the  surface  of  isolating  block.  The  voltage- 
current  characteristics  of  the  beam  diodes  A  and  B  are  shown 
in  Fig.2.  The  currents  in  the  former  are  roughly  twice  those  of 
the  latter  for  a  given  cathode  voltage.  In  case  (a)  of  the  diode 
A,  typical  beam  parameters  are  1 10  keV,  540  A  and  duration 
of  microwave  pulse  is  60  ns.  The  peak  power  is  6.8  MW,  and 
frequency  is  8.5  GHz.  The  peak  conversion  efficiency  is  1 1%. 
In  case  (b)  of  the  diode  B,  on  the  other  hand,  ^ical  beam 
parameters  are  110  keV,  380  A  and  duration  of  microwave 
pulse  is  50  ns.  The  peak  power  is  5.3  MW  at  12  GHz.  The 
peak  conversion  efficiency  is  13  %.  It  should  be  noted  that 
both  cases  (a)  and  (b)  are  carried  out  in  the  operation  regime 
far  from  %  mode.  Nevertheless,  efficiencies  are  not  inferior  to 
those  of  conventional  regime  near  %  mode. 

In  order  to  clarify  the  mode  of  oscillation,  power  directivities 
are  measured  for  both  cases  (a)  and  (b)  as  are  shown  in  Fig.3 
(a)  and  (b).  The  results  mean  that  the  oscillating  modes  are 
TMoi  and  TEn  modes  for  the  cases  (a)  and  (b),  respectively. 
The  calculated  radiation  patterns  for  both  modes  are  shown, 
respectively,  in  Fig.3(a)  and  (b).  The  beam  current  380  A  in 
the  case  (b)  is  found  to  be  insufficient  to  start  the  oscillation  of 
TMoi  mode.  The  TEn  mode  then  takes  turn  to  oscillate  instead 
of  TMoi  mode.  A  question  arises  here  :  t^ether  the  direction 
of  polarization  of  the  TEn  mode  is  random  from  shot  to  shot, 
or  reproducible  in  every  shot  ?  Figure  3(b)  is  observed  to  be 
reproducible.  It  is  estimated  accordingly  that  two  TEn  modes 
with  different  directions  of  polarization  are  present  as  is  in  the 
case  of  a  waveguide  with  elliptical  cross  section. 

Conclusion 

A  mode  switching  from  TMoi  to  TEn  modes  is  demonstrated 
as  the  beam  current  decreases.  The  TEn  mode  in  the  SWS  is 
analyzed  in  some  detail.  Our  finding  of  the  TEn  mode 


Cathode  Voltage  (kV) 


Fig.2  Beam  current  vs.  cathode  voltage  for  fype  A 
and  B  beam  diodes. 


oscillation  in  the  regime  far  from  rc  mode  suggests  a 
possibility  to  improve  further  the  performance  of  high  power 
BWO’s. 
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Abstract 

The  radiadm  produced  by  the  interaction  of  an  electron  beam 
with  a  metallic  grating,  the  Smith-Purcell  radiation,  can  be 
described  in  terms  of  a  themy  based  on  the  accderation  of  the 
surface  charges  induced  on  the  grating  surface  by  the  passing 
electrons.  The  calculated  spectral  distribution  of  the  emitted 
power  is  compared  to  recent  experimental  results,  the 
agreement  between  the  two  being  found  to  be  satisfactory. 

1.  Introduction 

The  interaction  of  an  electron  beam  with  a  metal  grating  and 
the  emission  of  radiation  was  first  reported  by  Smith  and 
Purcell  [1]  in  1953  and  has  received  roiewed  attention  in  the 
last  few  years  t2],P]  because  it  offers  the  attractive  prospect  of 
a  cmnpact  and  rfflcient  method  of  generating  a  high-power 
tunaUe  source  of  radiation,  paruculaily  in  the  far  infrared, 
where  suitable  sources  are  sparse.  We  have  recently  developed 
a  theoiy  [4]  describing  this  effect  in  terms  of  the  surface 
charges  induced  on  the  grating  by  the  passing  electron  and 
■dragged"  al<mg  by  it  The  source  of  the  emitted  radiation  is 
the  acceleration  imposed  on  this  moving  charge  by  the 
grooves  of  the  grating.  This  appmadi.  which  is  described  in 
detail  in  ref  [4],  has  the  advantage  of  being  relatively 
transparent  in  terms  of  physics  and  manageable  in  its 
mathematics.  The  calculation  leads,  eventually,  to  a  formula 
describing  the  expected  spectral  distribution  of  the  emitted 
incoherent  power  with  wavelength  in  terms  of  beam  and 
grating  parameters. 

The  formula  takes  into  account  such  parameters  as  the  current 
md  diameter  of  the  beam,  its  height  above  the  grating,  its 
interaction  length  on  the  grating,  the  electron  energy  and  the 
period  of  the  grating.  The  most  difficult  term  in  the  formula 
relates  to  the  detailed  shq>e  of  the  grating  grooves.  In  a 
nuinbCT  of  experiments  we  have  observed  that  Smith-Purcell 
radiation  does  depend  very  strcmgly  on  the  grating  proTile. 


The  wavelength,  X,  of  the  emitted  radiation  is  related  to 
emssion  angle  6  by  the  well-established  Smith-Purcell 
dispersion  relationship  which,  for  first  order  emission,  is 
,  giyeii  by  , 

X  =  Xq  (l/P)-oos6 

where  X  is  the  grating  period  and  p  is  the  electron  velocity  in 
units  of  c,  the  velocity  of  light 


2.  Experimental  Arrangement 

We  have  compared  our  formula  to  experimental  results 
obtained  at  Oxford.  Since  this  experiment  has  already  been 
de^bed  in  the  literature  [2],  [5],  we  summarise  briefly  the 
main  parameters.  A  beam  of  3.5MeV  electrons  in  a  pulse  of 
about  tips  duration  was  passed  over  an  'echelle*  type  grating 
with  a  blaze  angle  oc  =  30°  mounted  on  a  movaUe  platform, 
together  with  a  rotatable  plane  mirror  for  collecting  the 
emitted  light  and  reflecting  it  on  to  a  paraboloidal  mirror. 
This,  in  turn,  focused  the  light  at  the  entrance  of  an  evacuated 
copper  tube  which  transmitted  it  to  a  Czemy-Tumer 
monochromator.  A  liquid  helium-cooled  InSb  electron 
bolometer,  capable  of  detecting  peak  powers  of  less  than 
KtoW  in  the  wavelength  range  400-2500fim,  was  placed  at  the 
exit  of  the  spectrometer.  The  selection  of  emission  angle  9, 
and  henre  of  the  wavelength  X,  was  achieved  by  means  of  a 
36mm  wide  flat  mirror  which  could  be  tilted  over  the  grating. 
Rotation  of  this  miiror  enabled  observations  at  emission 
angles  in  the  range  25-94°  from  the  direction  of  the  electron 
beam.  A^es  in  the  backward  direction  could  be  reached  by 
^amounting  the  plate  of  the  grating  and  the  mirrorrs,  rotating 
it  by  180°  and  using  a  periscope  to  carry  the  light  to  the 
entrance  of  the  aqjper  pipe.  The  angular  range  explored  was 
between  56°  and  150°  and  was  defined  by  the  spectral 
response  of  the  InSb  detector,  which  drops  sharply  below 
350pm. 
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Most  of  the  measuremoits  were  carried  out  with  gratings 
having  periods  of  0.762  or  l.Oldtnm;  three  measurcinmts 
were  taken  with  a  grating  of  0.457inm  period.  The  electron 
beam  current  varied  from  50-200mA.  The  beam  size  over  the 
grating  was  measured  at  3mm  (transverse  to  the  grating)  by 
tom,  so  the  current  densities  were  in  the  range  03SAJca?. 
The  beam  size  is  cmisistent  with  a  normalised  emittance  of 
about  30Tlmm.mrad. 

3.  Calibratitm 

1^  calibration  of  the  output  power  was  dcme  by  comparison 
with  the  black-body  radiation  of  a  mercury  lamp  of 
qiproximately  the  same  effective  area,  jdaced  in  the  grating 
position.  This  dlowed  for  a  direa  calibration  of  the  comf^ete 
system,  induding  collection,  transport,  spectral  analysis  and 
detecdcm.  The  effective  source  area  was  found  to  be  1.5cm^ 
and  the  effective  grating  length  2an.  The  mercury  vapour 
lamp  was  the  well-documented  Philips  HPK125  [6].  The 
relationship  between  mirror  angle  and  emission  angle  was 
established  by  direct  calibration  with  a  HeNe  laser.  It  should 
be  no^  that  the  accuracy  in  the  calibratiim  of  the  emission 
angle  is  (rf  the  order  ±1®. 

4.  Results 


optical  path,  induding  the  Czemy-Tumer  monochromator,  is 
evacuated  to  avoid  absorption  by  water  vqx>ur. 

5.  Summary  and  Condusions 

The  description  of  the  Smith-PurceU  radiation  in  terms  of 
currents  induced  cm  the  grating  surface  and  accelerated  by  the 
grooves  of  the  grating  is  rdatively  easy  in  its  mathanadcal 
treatment  and  dfers  a  good  physical  insight  into  the  emission 

process.  Experimental  results  obtained  at  an  dectron  enogy 

of  3.6MeV  have  been  compared  to  the  predictions  of  the 
theory  for  the  angular  distribution  of  the  spontaneously- 
emit^  power.  Good  agreement  between  the  two  has  been 
obtained.  However,  mote  experimental  points,  over  a  wider 

range  of  parameters,  are  needed  before  reaching  die  (Inal  verdict 

cm  the  validity  of  this  theoretical  treatment  of  a  phenomraon 
that  could  have  an  important  role  in  the  design  of  compact 
tunaUe  sources  of  cohermt  radiation.  We  expect  to  obtain 
more  data  points  from  the  Munich  experiment  and  from 
Smith-PurceU  studies  that  are  being  performcd/planned  by  our 
own  group  as  weU  as  at  other  laboratories.  The  very  reliable 
compact  microtron  accelerator  at  ENEA,  Frascati,  with 
dectron  energies  of  3-5MeV  [8]  would  be  an  ideal  sura  and 
we  understand  that  grating  exp«iments  are  envisaged  at  that 
IdxMatory. 


Experimental  results  were  obtained  over  a  spectral  range  from 
,  350-1800nm.  These  have  been  cmnpared  with  the  formula 
describing  the  expected  spectral  distribution  and  good 
agreement  has  been  obtained.  Details  of  the  results  wDl  be 
shown  at  the  Conference.  The  theory  predicts  that  the 
spontaneously-emitted  power  for  die  gratings  used  should  drop 
<]uite  rapidly  at  shallow  emission  angles.  Unfortunately  this 
is  a  range  that  we  did  could  not  explore  experimentally 
because  not  only  did  the  response  of  the  detector  fall  below 
350mm  but  the  optical  path  was  not  evacuated  and 
atmospheric  water  absortion  is  severe  at  shorter  wavdengths. 

Th*  accdetator  at  Oxford  has  been  closed  down  but  we  hope  to 
obtain  further  data  frmn  an  experiment  thai  we  are  at  present 
carrying  out  in  Munich  [7].  This  experiment  uses  a 
photocathode,  excited  by  the  output  from  a  quadrupled 
frequency  Q-switched  Nd:YAG  laser,  and  a  Van  der  Graaff 
accelerator  to  produce  electron  energies  similar  to  those 
employed  at  Oxford.  The  normalised  emittance  is  much 
improved  and  current  densities  are  also  considerably  higher. 
However,  as  the  pulse  length  is  much  shorter  (20ns  compared 
to  tips  at  Oxford,  we  are  unable  to  use  the  InSb  electron 
bolometer,  which  has  a  response  time  of  ~500ns.  lor  this 
reason  the  experiment  has  been  designed  for  the  50- 140pm 
range  and  the  detector  is  a  gallium-doped  germanium 
photoconductor  with  a  response  time  of  ~25ns.  The  entire 
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Abstract 

Wc^  summarize  the  results  of  experiments  on  a  gyiotron 
utilizing  rectangular-cross-sectipn  (RCS)  interaction  cavities. 
Current  issues  under  investigation  include  polarization  control 
as^  a  function  of  magnetic  field,  power  versus  pulselength  of 
microwave  emission,  and  mode  competition.  The  Michigan 
Electron  Long  Beam  Accelerator  (MELBA)  produces  an 
annular  electron  beam  at  parameters:  V=-0.7  to  -1.0  MV, 
^fiaie=l-101cA  I/«ic=0.1-3kA,  and  Te.ftgam=0.4-1.0ps. 
Experimental  results  from  the  RCS  gyrotron  will  be  compared 
for  large  orbit  and  small  orbit  beams.  MAGIC  code 
simulations  using  various  magnetic  fields  will  b^  presented. 

Introduction 

EfScient,  high  power  microwave  sources  have 
significant  applications  to  radar  systems,  propulsion,  and 
plasma  heating,  and  gyrotron  devices  have  been  shown  to  be 
one  such  source  [1-5].  Research,  on  gyrotron  devices  has 
cortcentrated  on  small  orbit  devices,  however,  large  orbit  (or 
axis  encircling)  devices  offer  several  advantages  including 
larger  azimuthal  velocity  components  at  lower  magnetic  fields 
and  high-harmonic  capabilities  [6-7]. 

One  challenge  for  launching  high  power  microwaves 
is  polarization  control.  A  theoretical  study  of  the  active- 
circulator-gyro^n,  where  a  TEOl  signal  is  input  but  a  TCIO 
signal  is  amplified  and  output,  was  previously  performed  [8]. 
The  rectangular-cross-section  (RCS)  gyrotron,  which  does  not 
require  a  mode  converter,  is  another  approach  to  polarization 
control  [9].  Experiments  at  the  U  of  M  utilize  an  RCS 
gyrotron  oscillator,  operating  in  the  S-band  (2-4  GHz). 
Polarization  control,  mode  competition,  aixi  pulse  shortening 
are  under  investigation  using  both  small  orbit  and  large  orbit 
e-beams.  We  have  shown  the  ability  to  shift  high  power 
radiation  between  the  TEIO  mode  and  the  TEOl  mode  by 
controlling  the  magnetic  fields  of  an  asyrrunetric  magnetic 
cusp  for  large  orbit  measurements. 

In  this  paper  we  describe  the  results  of  RCS  gyrotron 
measurements  foe  both  small  orbit  and  large  orbit  experiments. 
MAGIC  code  studies  are  discussed 

Experimental  Configuration 

The  experimental  configuration  is  shown  in  Figure  1 . 
The  KCchigan  Electron  Long  Beam  Accelerator  (MELBA) 
produces  an  annular  electron  beam  by  explosive  emission  at  a 
radius  of  2.25+/-  0.25  cm  with  the  following  parameters;  V=»- 
0.7  to  -1.0  MV,  Idtode=l-l(McA  We=0-l-3kA.  and  Xg. 
heam®^*4-1.0(is.  The  graphite  atKxie  has  a  4.55  cm  radius 
aperture  for  small  orbit  measurements  and  an  annular,  3-slotted 
aperture  of  radius  2.2+/-  0.2  cm  for  large  orbit  measurements. 


Large,  magnetic  field  coils  generate  approximately  IkGauss  on 
the  diode.  The  e-beam  is  extracted  through  the  anode  into  a 
stainless-steel  tube,  which  is  wound  with  a  solenoid.  For  the 
small  orbit  case,  the  e-beam  is  adiabatically  compressed  in  the 
solenoidal  region,  but  for  the  large  orbit  case,  the  solenoidal 
field  is  reversed,  creating  a  magnetic  cusp.  The  beam  interacts 
in  the  RCS  cavity  with  dimensions  of  7.2  by  5.4  cm.  A 
Rogowski  coil  measures  current  prior  to  entering  the  cavity. 
The  exit  of  the  interaction  region  has  copper  strips  (1x7.2  cm) 
at  21  cm  downstream,  which  arc  used  to  vary  the  cavity  Q. 
The  beam  is  then  dumped  to  one  side,  and  microwave  ouqiut  is 
directed  through  waveguide  of  the  same  transverse  dimensions 
to  a  chamber  lined  with  microwave  absorber.  High  power 
microwave  emission  is  collected  with  two  S-band  waveguides 
perpendicular  to  each  other  and  placed  at  the  end  of  tiie 
chamber.  Power  measurements  are  completed  in  a  Faraway 
cage  via  coaxial  cable.  Frequency  is  diagnrvyti  by  a  four 
channel  microstrip  filter  system  (2-2.5,  2.5-3,  3-3.5,  3.5-4 
GHz  filters)  and  by  superheterodyne  mixer  measurements. 
Radiation  darkened  patterns  on  glass  witness  plates  are  used  for 
beam  alpha(Vperp/Vpar)  diagnostics  [10]. 


Figure  1.  Experimental  Configuration 

Experimental  Results 
Results  from  small  and  large  orbit  gyrotron 
measurements  are  shown  figures  2  and  3.  Figure  2  shows  the 
measured  total  power  in  each  waveguide  versus  magnetic  field 
for  the  small  orbit  RCS  gyrotron  case,  and  figure  3  shows  the 
measured  power  in  the  large  orbit  case. 

The  small  orbit  experiment  achieves  powers  of 
20MW  in  the  horizontally  polarized  mode.  This  corresponds 
to  the  2nd  order  mode  (TKl).  The  maximum  power 
in  the  vertically  polarized  mode  was  4MW,  and  this  was  due  to 
higher  order  modes,  as  frequency  measurements  showed  the 
fundamental  mode  was  not  measured.  In  almost  all  cases  the 
powCT  polarization  ratio  (V/H)  was  less  than  1.  The 
maximum  electronic  efficiency  measured  in  the  small  orbit 
experiments  was  on  the  order  of  1%.  The  horizontally 
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polarized  mode  dominated  in  all  cases,  and  polarization  control 
was  not  achieved. 

The  large  orbit  experiment  achieved  powers  of  12 
MW  in  the  horizontally  polarized  mode  at  a  field  of 
l.TkGauss,  and  this  corresponds  to  the  TEOl  mode.  Powers  of 
up  to  7  MW  were  radiated  in  the  fundamental  mode  (TEIO)  at  a 
field  of  1.5kGauss.  The  maximum  efficiency  generated  in 
these  large  orbit  measurements  was  5%.  The  polarization 
power  ratio(V/H)  clearly  shows  a  shift  from  the  fundamental 
TEIO  HKxle  to  the  next  <xder  TEOl  mode  as  a  function  of 
magnetic  field.  Superheterodyne  mixer  fiequency 
measurements  confirm  this  interpretation.  At  a  field  of  1.5 
IcGauss  the  polarization  power  ratio  was  around  10,  while  at  a 
field  of  1.7  IcGauss  it  dropped  to  as  low  as  0.02. 

Radiation  darkened  patterns  on  glass  witness  plates 
(in  place  of  the  microwave  ravity)  were  made  from  eight  1mm 
diameter  pin  hole  beamlets  in  the  anode  aperture  and  were  used 
to  detune  the  beam  alpha(VpcrpA^par).  For  the  small  orbit 
experiment  a  beam  alpha  of  0.3  was  determined,  while  a  beam 
alpha  of  1.0  was  measured  for  the  large  orbit  case.  E-gun 
simulations  produced  similar  results,  obtaining  0.24  and  1.6 
respectively. 

MAGIC  code  models  of  an  RCS  cavity  with  four 
bea^ets  placed  at  a  radius  of  2.25  cm  were  used  to  simulate 
the  interaction  of  the  annular  beam  in  the  cavity.  The  small 
orbit  model  uses  an  alpha  of  0.3  and  the  large  orbit  iiKxlel 
uses  an  alpha  of  1.0.  Both  cases  assume  kz=0.  The  large 
orbit  case  assumes  a  current  of  200A  while  the  small  orbit 
case  uses  IkA  for  beam  current  For  both  cases  MAGIC 
results  show  a  shift  from  the  fundamental  TEIO  mode  to  the 
next  <xda  TEOl  mcxle.  In  small  orbit  simulations  the 
polarization  flip  occurs  around  2.2  kGauss,  and  l.SkGauss  in 
large  orbit  simulations.  While  the  small  orbit  experiment 
shows  more  of  emission  power  is  horizontally  polarized,  the 
large  orbit  experiment  shows  the  shift  between  mcxles  similar 
ta  MAGIC  results  although  the  shift  occurs  at  a  lower  field. 


TWs  occurs  as  the  magnetic  field  on  the  interaction  cavity  is 
raised  ^firom  1.5  to  1.7  kGauss  while  the  diode  field  is 
maintained  constant  The  small  orbit  case  did  not  create  the 
ttened  results.  Mode  competition  tppeared  to  have  a 
sipificant  effect  in  the  small  orbit  results.  Furthermore,  the 
microwave  electronic  efficiency  of  the  axis  encircling  beam  is 
significantly  better  (5%)  than  the  small  orbit  gyrotron  (under 
1%). 

Future  experiments  will  continue  to  explore  the  large 
oAit  RCS  gyrotron,  observing  polarization  control  and  effects 
of  mode  competition  and  pulse  shortening. 
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Cavity  Magnetic  Field  (kGauss) 

Figure  3.  Polarized  power  measurements  for  the  large  orbit 
gyrotron  experiment 
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Cavity  Magnetic  Field  (kGauss) 

Figure  2.  Polarized  power  measurements  for  the  small  orbit 
gyrotron  experiment 


The  large  orbit  RCS  gyrotron  experiments  have 
demonstrated  polarization  control,  allowing  ou^ut  radiation  to 
be  shifted  from  the  fundamental  TEIO  mode  to  the  TEOl. 
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ABSTRACT 

The  three-dimensional  model  of  millimeter  wave  resonant  0-type  oscillator  with  a 
relativistic  electron  beam  is  analyzed.  The  selfconsistent  nonlinear  equations  set  has  been 
obtained  for  the  arbitrary  space  distribution  of  the  focusing  dc  magnetic  field’.  The  oscillator 
efficiency  is  investigated  under  steady-state  conditions  with  numerical  solution  taken  for  the 
case  of  uniform  magnetic  field.  The  analysis  of  nonlinear  physical  processes  for  the 
nonrelativistic  case  was  carried  out  earlier^. 

THEORETICAL  MODEL 

A  sheet  relativistic  electron  beam  passes  over  a  reflecting  diffraction  grating,  which  is 
imbedded  in  a  mirror  which,  along  with  another  mirror,  forms  an  open  resonator.  The  rf 
field  is  assumed  to  has  fixed  space  stracture  and  to  change  weakly  in  the  scale  of  the  electron 
transit  time  through  the  resonator.  It  is  possible  if  the  oscillatory  system  has  big  value  of  the 

quality  factor  Q.  The  magnetic  displacement  vector  B  is  assumed  to  has  two  static 

and  one  rf  components  ( polarized  wave  is  exited  in  the  resonator ). 

The  displacement  of  the  magnetic  focusing  field  can  be  varied .  Hence,  the  numerical 
solution  of  the  input  equations  should  be  carry  out  with  the  settling  of  electrons  onto  the 
slow-wave  stmcture  ( grating )  taken  into  account. 

DISCUSSION 

Results  of  niunerical  calculations  of  the  electron-wave  interaction  efficiency  Tj  are 
shown  in  Fig.  1,  2.  Here  is  the  relative  synchronism  mismatch  parameter;  is  the 
relativistic  mass  factor.  Curves  in  Fig.  1  are  obtained  at  a(,/co  =0.4,  where  is  the 
cyclotron  fiequency  and  O)  is  the  oscillations  frequency.  Furthermore  the  beam  current  is 
assumed  to  be  fixed.  The  solid  and  dashed  curves  gives  the  stable  and  unstable  solutions  of 

the  governing  equations  respectively.  It  is  seen  that  the  increase  of  the  relativistic  factor  y^ 
results  in  the  efficiency  enhancement  and  contraction  of  the  generation  zone.  The  similar 
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Hence  regularities  of  the  physical  processes  at  cd^/  (O  =0.4  are  retained  when  the  model 
dimension  is  varied.  It  should  be  noted  that  the  settling  of  electrons  onto  the  grating  is 
negligible  in  this  case. 

Curves  in  Fig.  2  are  obtained  at  /©  =0.1  .  It  is  seen  that  the  maximnm 
efficiency  is  weakly  varied  when  the  relativistic  factor  increases.  Furthermore  hysteretic 
phenomena  are  absent  in  this  case.  Therefore  the  decrease  of  the  focusing  field  displacement 
results  in  appearance  of  new  phenomena  in  the  model  at  issue  in  comparison  with  one¬ 
dimensional  model.  It  can  be  explained  by  settling  of  electrons  onto  the  grating.  This 
phenomenon  results  in  the  variation  of  electrons  distribution  in  phase  of  the  slow  wave.  On 
the  other  hand  in  this  case  the  transverse  shifts  of  electrons  trajectories  increase  and 
transverse  electron-wave  interaction  played  a  significant  role. 


0/Ji 


REFERENCES 


1.  Chursin  V.S.,  Odarenko  E.N.,  Shmat’ko  A.A.  Theory  of  Resonant  Relativistic  Oscillator 
with  Nonuniform  Focusing  Field  //  Int.  J.  of  Infrared  and  Millimeter  Waves.-  1996.- 
V.17.-  N7. 

2.  Odarenko  E.N.,  Shmat’ko  A.A.  Nonlinear  Theory  of  0-type  Microwave  Oscillators  with 
Nonuniform  Magnetostatic  Field  (Two-Dimensional  Model)  //  J.  of  Communications 
Techn.  and  Electronics.-  1994.-  39(9).-  p.p.l  -8. 


F2.1 


319 


Biological  Effect  of  Coherent  Radiation  of  Hyperhigh  Frequency  When  Irradiating 

Acupunctural  Zone 

V.K.  Kiseliov,  E.M.  Kuleshov,  Yu. Yu.  Kamenev,  * 

V.I.  Makolinets,  O.P.  Timoshenko,  B.N.  Shevtsov  ** 

*  Institute  of  Radiophysics  and  Electronics  of  the  National  Academy  of  Sciences, 

12,  Ac.  Proskura  St.,  310085  Kharkov,  Ukrtune.  E-mail;  kiseliov@ire.kharkov.ua 
*♦  Institute  of  Orthopedics  and  Traumatology  named  after  M.I.  Sitenko,  Kharkov,  Ukrmne 


Abstract 

The  work  presents  the  results  of  the  e^qierimental 
studjr  and  biological  effect  of  submillimetric  wave  range 
laser  radiation  on  Iat>oratoty  animals  when  irradiating 
biologically  active  zones  (BA2^  of  the  body  surface  and 
zones  with  a  minimum  number  of  biologically  active 
points  (BAP). 

Introduction 

Biological  aspects  of  hyperhigh  frequency  (HHF) 
radiation  have  not  been  sufficiently  studied  so  The  few 
&cts  cited  in  literature  rather  state  certain  phenomena 
without  trying  to  get  closer  to  understanding  the 
pathogenetic  mechanisms  of  this  new  and,  from  our  point 
of  view,  perspective  kind  of  laser  radiation,  as  regard  its 
employment  in  medicine.  With  the  aim  of  filling  up  this 
gap  to  some  extent  the  authors  of  the  work  studied 
experimentally  the  influence  of  HHF  radiation  on  the 
organism  of  laboratory  animals  when  irradiating  various 
parts  of  their  bodies. 

The  Essence  of  the  Problem 

A  special  HHF  laser  installation  was  developed  and 
made  for  immunological  research  at  the  Institute  of  Radio- 
Electronics  of  National  Academy  of  Sciences  of  Ukraine 
(IRE  NAS)  and  used  for  the  experiments.  A  gaseous 
discharge  HCN  laser  of  waveguide  type  with  a  high 
frequency  pump  was  the  source  of  linearly  polarized 
coherent  HHF  radiation  with  a  wave-length  of  337  jj,  m. 

The  power  of  radiation  was  approximately  5  mW.  As 
components  of  quasi-optical  ((^)  wavequiding  means 
there  was  used  a  round  hollow  dielectrical  wavequide 
(HDW)  of  20mm  diameter  and  QO  element,  made  on  its 
basis.  Required  initial  power  level  of  HHF  radiation  was 
fixed  with  the  help  of  (JO  grid  polarizing  attenuator,  and 
dividing  of  this  power  among  irradiating  charmels  in 
necessary  proportion  was  fulfilled  by  QO  power  dividers 
with  change  dividing  elements.  Laboratory  animals  were 
fixed  on  special  supports  and  the  irradiated  zone  was 
located  at  a  10  cm  distance  (i.e.  within  the  Frenel  zone 
limits)  from  the  open  end  of  the  HDW,  used  as  an 
irradiator.  3  animals  underwent  irradiation  simultaneously 
via  three  parallel  charmels. 


Biological  effect  of  irradiation  was  assessed  by  the 
following  tests;  mass  of  body,  adrenals,  spleen  and  thymus 
mass,  total  protein,  glycoproteins,  p  -lipoproteins, 
cholesterol,  alanine  aminotranspherase  and  aspartate 
aminotranspherase  levels,  chondroitin  sulphate 
concentration  in  blood  serum  and  11-  oxicorticosteroid 
concentration  in  blood  plasma  of  the  animals. 

For  comparing  HHF  irradiation  effect  on  various 
body  surfaces  there  were  used  2  areas:  the  plantar  surface 
of  the  right  foot  with  a  lot  of  BAP  and  the  zone  on  the  right 
side  of  the  animal  between  the  arch  of  the  last  rid  and 
paravertebral  muscles,  with  a  lower  density  of  BAP. 

The  objects  of  the  study  were  87  white  rats  of  3 
months.  The  irradiation  was  performed  twice  with  a  3 

day’s  interval  (power  density  was  400  //W/cm^, 
exposition  time  was  15  min).  The  rate  were  taken  out  from 
the  experiment  7  days  after  the  irradiation. 

Summing  up  our  study  findings  we  can  state  that 
foot  irradiation  (the  zone  rich  in  BAP)  resulted  in  an 
increase  of  the  test  parameters  in  70%  of  cases,  decrease  of 
the  parameters  was  observes  in  14%  of  cases.  When 
irradiating  the  right  side  of  the  animal  (the  zone  with  a 
lower  density  of  BAP)  an  increase  of  the  test  readings  was 
observed  in  57%  of  cases,  and  no  decrease  was  registered. 
When  irradiating  the  bodies  of  tire  animals  witli  HHF 
radiation  certain  changes  of  some  biochemical  components 
were  observed,  whose  character  depended  on  individual 
peculiarities  of  the  animals,  and  on  their  sex  in  particular. 
In  male  animals  the  findings  of  albumino-carbohydrate 
metabolism  changed  significantly,  in  female  animals 
significant  changes  in  lipid  metabolism  were  registered. 
The  changes  were  observed  in  most  cases  when  irradiating 
the  foot  as  a  zone  rich  in  BAP. 

Conclusion 

The  results  obtained  during  the  experiments  allow 
to  make  a  conclusion  about  the  expressed  biological  effect 
of  the  coherent  HHF  radiation  when  irradiating  BAZ, 
which  testifies  to  the  possibility  and  pcrspectivity  of 
employing  HHF  radiation  of  low  intensity  in  medicine  as 
well  as  to  the  necessity  to  continue  the  research  with  tlie 
aim  of  elaborating  the  methods  and  techniques  of  non¬ 
medicamentous  HHF  radiation  therapy. 
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ABSTRACT 

The  results  presented  are  obtained  wken  the  effect  of  laser  radiation  of  low 
intensity  and  hyperhigji  fi-equency  on  the  hole  detect  of  the  femur  of  experi¬ 
mental  areals  being  investigated,  the  radiation  being  used  an  external  physical 
therapeutic  factor  at  different  stages  of  the  recovering  process. 

INTRODUCTION 

Coherrat  electromagnetic  radiation  of  non-thermal  intensity  is  used  at  pre¬ 
sent  in  medicine  as  an  efMve  physiotherapeutrcal  means  /1-3/.  Well  mastered 
sectrr^  of  electromagnetic  spectrum  such  as  optical  range,  including  ultravio¬ 
let,  visible  and  infia-red  ranges  as  well  as  the  ranges  of  super-high  fi-equencies 
(SHF)  and  exlremely-high  fi-equencies  (EHF)  are  used  as  a  rule  for  this  purpose. 
The  study  of  physiotherapeutical  effect  of  coherent  hyperhigh  frequency  (HHF) 
radiation  of  submillimetric  rage  wave-length  (0.1  Imm)  on  the  course  of 
pathological  processes  in  organs  during  irradiating  bioactive  zones  (BAZ)  with 
low  power  density  laser  radiation  (<  lOmW/cm"  )  is  a  matter  of  no  little  inter¬ 
est  In  our  work  74/  we  ejq)erimented  with  the  aim  of  sturfying  the  possibility  of 
employing  HHF  laser  radiation  of  low  intensity  in  immunology  with  the  use  of 
HCN  -  laser  (.^  =  337/an)  and  quasi-optical  devices  of  submillimetric  range, 
created  at  the  Institute  of  Radiophysics  and  Electronics  of  National  Academy  of 
Scierices  of  Ukrame  (IRE  NAS)  151.  It  was  shown  that  such  radiation  under 
certain  conditions  displays  e;q)ressed  therapeutical  properties:  it  results  in  inten¬ 
sified  production  of  antibodies  by  immunocompetent  cells  in  particular.  The 
objective  of  our  research  was  to  study  the  influence  of  HHF  laser  radiation  of 
low  mtensrty,  et^loyed  as  an  external  physiotherapeutic  means  on  various 
stages  of  the  healing  process  in  defects  of  femur  in  white  rats  in  order  to  deter¬ 
mine  the  possibility  of  employing  said  radiation  in  orthopedics  and  traumatol¬ 
ogy- 


THE  ESSENCE  OF  THE  PRORf  Fitr 

In  our  e3q)eriments  we  used  the  improved  HHF  laser  installation, 
develop^  at  IRE  NAS  for  immunological  research  747.  To  modernize  the 
uist^lation  a  HCN-laser  with  high  frequency  pump  (HFP)  was  developed 
having  higher  stability  and  a  low  level  of  noise  as  compared  with  the  laser  with 
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dir^  cai^t  pump.  Quasi-optical  waveguide  tract  of  the  installation  was 
modified  for  irradiating  laboratory  animals.  The  animals  (white  rats  of  Wistar 
toe)  were  fixed  on  special  supports  and  irradiated  zone  was  located  at  a  10cm 
dis^ce  from  the  open  end  of  the  waveguide  used  as  an  irradiator.  3  animals 
underw^  irradiation  simultaneously  at  the  installation  with  equal  eiqposition 
and  at  different  levels  of  irradiated  power.  45  animals  undawent  treatment  after 
M  operation  for  producing  perforation  defect  in  their  femurs.  BAZ  -  the  plantar 
foot  surface  of  traumatized  extremity  -  was  subjected  to  irradiation  (wave-length 
was  337/fln,  interval  of  power  density  was  equal  to  400  -  800^W/cm*. 
exposure  time  was  15  min.  and  number  of  irradiation  sessions  amounted  flxim  1 
to  3).  Treatment  sessions  began  on  the  7*  day  after  the  surgery,  the  animals 
were  takoi  out  from  the  eiqieriment  on  the  14*  21*^  and  28*  day  after  surgery. 
The  levels  of  1 1-oxicorticosteroids,  total  protein,  cholesterol,  yff -lipoproteins, 
glycoproteins,  chondroitinsulphates  were  defined  in  blood,  thymul  and  iodine 
tests  were  made,  alkaline  phoi^hates  activity,  AST  and  ALT  were  defined.  A 
fragment  of  femur  with  perforation  defect  was  studied  hystologically. 

Analyzing  the  results  obtained  we  came  to  the  conclusion  that  the  action  of 
HHF  laser  radiation  of  low  intensity  with  a  wavelength  of  337^  on  reparative 
osteogenesis  depended  on  two  factors:  the  power  density  of  irradiation  and  the 
terms  of  application  (i.e.  the  stage  of  r^arative  process).  The  results  of  the 
analysis  show  that  laser  irradiation  of  foot  BAZ,  employed  at  an  early  stage  (on 
the  7*  day),  with  power  density  of  400 //W /om^  renders  a  stimulating  effect  on 
rqjarative  osteogenesis. 


CONCLUSION 

Thus,  laser  irradiation  of  submillimetric  range  possesses  biostimulating 
properties  and  can  be  used  in  orthopedics  and  traumatology  as  a  physiothera¬ 
peutic  means  for  the  treatment  of  lesions  of  locomotor  apparatus  bone  struc¬ 
tures. 
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Abstract 

In  this  paper,  a  generalized  FDTD  computation  method  is 
presented,  which  can  extract  parameters  of  various  microwave 
discontinuities.  The  programming  time  will  be  saved  greatly. 
At  the  same  time,  a  kind  of  new  excitation  method  is  adopted 
in  our  gaieral  software.  With  fliis  metiliod,  S  parametere  cf 
microstrip  discontinuities  and  some  MMIC  structures  are 
given  and  the  results  show  good  agreement  with  published 
data. 

Introduction 

Finite  Differmce  Time  Domain  method  (FDTD)  is  very 
iwpular  to  solve  electromagnetic  problems  so  far  because  of  its 
simpliciQr,  flexibility  and  high  adaptability  to  various 
sophisticated  structures.  However,  one  program  can  only  solve 
one  problem  traditionally.  Source  code  must  be  rewritten  and 
debugged  again  when  the  calculated  structure  changes.  It  will 
spend  much  of  our  time  in  programming  and  debugging,  and 
at  the  same  time,  it  will  eliminate  die  advantage  of  FDTD 
method,  especially  its  high  adaptability.  In  this  paper,  we 
come  up  with  a  new  idea  to  realiro  the  FDTD  algorithm, 
which  is  very  general  and  can  calculate  various  microwave 
structures  with  only  a  little  memory  increased. 

Principle 

The  limit  of  traditional  method  lies  on  only  considering 
boundary  condition  of  die  whole  structure  when  programming 
Le.,  only  the  lattices  near  the  boundary  of  the  object  are  done 
specially.  In  order  to  overcome  the  disadvantage,  the  idea  of 
“breaking  up  the  whole  into  parts”  is  adopted  in  this  paper. 
Six  surfeces  of  every  unit  lattice  are  given  the  boundary 
condition  separately.  This  can  be  done  automatically  in  the 
program.  It’s  enough  to  solve  the  fields  in  every  unit  lattice. 
Bas^  on  this  minimum  unit,  program  will  be  independent  (f 
specrfic  structure.  If  only  arbitrary  mioowave  structure  is 
input,  program  will  mesh  the  structure  automatically  and  give 
boundary  conditions  of  every  lattice  and  then  solve  it.  It  will 
inaease  only  about  1/32  memory  more. 

^In  addition,  a  new  excitation  method  is  introduced.  The 
excitation  sur&ce  is  added  several  lattices  inside  and  do  not 
need  to  switch  the  absorbing  surfece,  which  excites  very 
naturally  and  can  not  introduce  DC  leading  to  divergence.  At 
the  same  time,  it  can  be  very  near  the  discontinuity  and  save 
file  memory  greatly.  At  the  back  surfece  absorbing  boundary 
condition  is  placed.  If  we  adopt  Yee’s  lattice'”,  the  excitation 
formula  is  given  as  follows; 


■=  -i) 

M  Ax 

Az  ■  ■ — i 

where  lin  is  the  position  of  excitation  surfece  in  propagation 
direction.  is  the  excitation  pulse. 

Results 

With  this  new  method,  a  generalized  FDTD  software 
padcage  to  extract  parameters  of  various  microwave 
discontinuities  is  developed.  Here,  some  results  of  microstrip 
discontinuities  and  MMIC  structures  are  given,  which  show 
good  agreement  with  references.  From  the  results,  we  can  see 
tiie  efficiency  and  general  of  our  new  FDTD  realization 
approacL 


Fig.  I  Open  End'^' 
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0.636mm 


0.636mm 


Fig.  4  Spiral  Inductor 
(  Air  Bridge:  0.424x0.424x0.3 18mm 
Inductor  Gap:  0.3 1 8mm  ) 


(b)  Si, 

Fig.  5  Result  of  Spiral  Inductor 
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Abstract 

Gfounckd  dielectric  slab  sui&ce-wave  filters  based  on  a 
whispering-galleiy-mode  dielectric  resonator  and  a  slitted 
nietal  cavity  are  analyzed.  Due  to  the  analytical 
regularization,  solutions  are  equally  accurate  off  and  near 
resonances.  Modes  of  resonators  investigated  are  suitable  for 
their  utilization  in  millimeter  wavelengfat  devices. 

Introduction 

Localized  discontinuities  are  known  as  important  components 
of  many  optical  and  millimeter  wave  electronic  systems  that 
are  based  on  the  surface  wave  propagation.  They  are  used  as 
elements  of  integrated  couplers,  low-profile  leaky-wave 
antennas,  filters,  resonators,  etc.  Design  and  manufacturing 
of  such  devices  is  a  complicated  technical  task.  To  reduce 
their  cost  and  improve  the  elec^omagnetic  performance,  a 
preceding  CAD  simulation,  by  using  a  reliable  method  and  a 
moderate  computer  hardware,  is  highly  desirable.  So  fer 
simulations  of  relevant  metal  and  dielectric  discontinuities 
have  been  based  mainly  on  approximate  theories.  Further 
theoretical  and  experimental  work  was  necessary  to  reveal  the 
potentials  and  ofMimize  the  performance  of  prism  and  grating 
couplers,  filters,  and  other  passive  devices.  A  more  accurate 
analysis  is  especially  important  if  sturlying  the  millimeter- 
wave  aj^lications,  instead  of  ojXical  ones,  because  here  the 
&vice  dimensions  are  comparable  to  the  wavelength. 
However,  it  was  only  recently  that  adequate  mathematical 
methods  have  been  proposed,  enabling  one  to  attack  the 
problem  in  correct  full-wave  maimer. 

The  work  on  the  problems  related  to  the  presented  study  has 
been  start^  several  years  ago.  A  few  regular  papers  have 
been  published  in  the  major  international  journals  such  as 
IEEE  Transactions  on  Microwave  Theory  and  Techniques 
[IJ,  to  outline  the  essentials  of  proposed  approaches. 
However,  thqr  did  not  stucfy  specific  applications  aifh  as 
filtering  and  coupling.  This  CAD-oriented  analysis  has  been 
started  in  our  recently  published  paper  [2],  for  the  citxmlarly- 
shaped  dielectric  and  metal-cavily  filters  in  the  single-mode 
open  waveguide. 

Problem  Formulation 

The  purpose  of  this  study  is  to  develop  a  method  to  mnd^ling 
the  localized  dielectric  and  metal  discontinuities  in  the 


grounded  dielectric  waveguide  (Fig.  1),  and  take  account  of 
lealg^  and  sur&ce-wave  effects. 
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Figure  1.  The  geometry  of  the  scattering  problem. 

Based  on  this  method  we  simulated  two  tjpcs  of  surface-wave 
filters.  For  the  filter  based  on  the  whispering-gallery-mode 
dielectric  resonator  we  studied  its  acting  on  TE  and  TM 
modes  of  the  grounded  dielectric  waveguide.  For  the  filter 
based  on  the  slitted  metal  cavity  we  considered  only  the  case 
of  TM-polarization  because  the  most  interesting  low- 
fiequency  resonance  does  not  exist  in  the  TE  one. 

Method  of  Analysis 

To  achieve  the  objectives,  it  was  supposed  to  use  advanced 
mathematical  methods  of  electromagnetic  theory  of  wave 
scattering.  The  first  is  the  Green's  function  method  which 
implies  that  the  full  Green's  function  (TE  or  TM-type)  of  a 
homogeneous  dielectric  slab  is  obtained  analytically,  and 
further  used  to  derive  the  integral  equation  governing  the 
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-field  Hence,  the  satisfying  of  the  sl^inter&ce  continuity 
conditions  is  guaranteed,  as  well  as  the  accounting  of  guided 
and  lealty  modes  of  the  waveguide.  The  second  is  the  &mily 
of  techniques  which  may  be  collectively  named  as  Method  of 
Regularization  (MoR)  to  treat  the  wave  scattering  problems  in 
mathematically  accurate  manner.  It  starts  fijom  a  sur&ce 
Integral  Equation  (IE)  well  known  in  electromagnetics. 
However,  unlike  MoM,  here  it  is  partly  inverted  analytically, 
that  results  in  the  infinite  matrix  equation  of  the  Fredholm  2- 
nd  kind,  thus  giving  a  proof  of  existence  of  unique  solution. 
This  procedure  is  equivalent  to  a  judicious  choice  of 
basis/testing  functions  in  MoM,  so  that  th^  form  a  set  of 
orthogonal  eigenfunctions  of  the  inverted  part  of  IE.  The 
numerical  solution  of  such  a  matrix  equation  is  always  stable 
and  efficient  in  terms  of  memory  and  CPU  time  erqrenses. 

To  stucfy  the  localized  dielectric  discontinuities,  it  was 
supposed  to  use  the  surface  potentials  method,  extracting  out 
and  analytically  inverting  the  firee-space-circular-cylinder  part 
of  the  IE.  To  analyze  metallic  curv^-strip  scatterer,  the  static 
part  of  the  electric  field  IE  was  inverted. 

Efficiency  and  Numerical  Results 

The  efficiency,  in  terms  of  the  CPU  time  and  memory,  of  the 
numerical  algorithms,  which  are  based  on  the  regularization, 
is  normally  some  hundred  times  better  that  those  operating 
with  direct  MoM  solutions.  Furthermore,  the  former  are 
uniformly  accurate  near  and  fer  from  resonances.  All  this 
enables  one  to  use  them  as  a  highly  reliable  instrument  in 
CAD  of  the  surface-wave  millimeter-band  circuits.  Sample 
numerical  results  obtained  ty  tising  the  method  proposed  are 
presented  in  Figs.  2,  3.  Transmitted  (Pt)  and  reflected  (Pr) 
power  fiactions  as  well  as  radiation  (P^)  and  dissipation  (Pabs) 
losses  in  such  a  structure  were  studied.  In  Fig.  3  Otto 
denotes  the  total  power  carried  ly'  all  right  left  moving  waves, 
respectively. 


Fig.  2.  Far-field  scattering  characteristics  versus  ka  for  a 
dielectric  resonator.  TM-polarization. 
eb=10+0.01i,  w/a=0.0l,  d/cr=l,  e,=2.25 


d/a 


Fig.  3.  Far-field  scattering  characteristics  versus  d/a  for  a 
dielectric  resonator.  TM-polarization. 
ka=l,  eb=10,  w/a=0.01,  d/a=l,  e,=2.25 


Conclusions 

We  have  proposed  a  full-wave  approach  to  the  analysis  of 
surface-wave  bandstop  filters.  Based  on  this  approach  the 
efficient  numerical  techniques  were  developed,  and  rejection, 
transmission  and  radiated-field  characteristics  were  calculated 
for  both  TE  and  TM-polarizations.  Sharp  resonant 
phenomena  were  observed  for  the  scattering  from  dielectric 
(tylinders  and  metal  cavities.  These  eSects  can  be  used  for  the 
design  of  bandstop  filters  in  surface-wave  guides.  However,  to 
expand  the  research,  e.g.,  to  extend  the  MoR  analysis  to 
arbitrary-shaped  dielectric  cylinders,  to  metal  cylinders  and 
curved  strips,  and  also  to  make  a  comparison  of  various 
realistic  couplers  and  filters  more  studies  are  necessary. 
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FREE  ELECTRON  LASER  WITH  CROSSED  MAGNETIC  AND 
VORTEX  ELECTRIC  UNDULATED  FIELDS  OF  PUMPING 
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Theoretical  Physics  Dq^aitment,  S^my  State  Univetsity, 

2,  Rymski-Korsakov  Street,  Sumy,  244007,  UKRAINE 

The  model  of  PEL  with  crossed  magnetic  and  vortex  electric  fields  of  pumping  is 
considered  as  a  convenient  example  for  illustration  of  essence  and  possibility  of 
application  of  the  hierarchic  theory.  Besides  that,  a  number  of  the  interesting  physical 
results  are  obtained.  In  particular,  possibility  of  the  isochronous  states  of  system 
realization  is  shown,  the  new  type  of  klystron  schemes  of  PEL  implementation  is 
proposed  and  analyzed. 
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About  plasma  heating  by  high  frequency  fields. 

Khizhnyak  N.A.,Yatsenko  E.A.,Yatsenko  N.M. 

Department  of  Radiophysics  .JCharkov  State  University, 

Svoboda  sq.,4,Kharkov  310077,Ukraine 
Email:  khizh@khizh.kharkov.ua 

The  problem  of  excitation  of  the  thin  impedance  antenna  placed  in  anisotropic  plasma 
was  solved.  The  expressions  for  current,  fields  of  radiation,  conditions  of  effective  energy 
transmission  from  antenna  into  plasma  in  any  frequency  region  where  one  of  the  components  of 
permittivity  tensor  was  negative  were  obtained. 
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Groove  Diplexer  for  millimeter  wave  applications 
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S.State  Research  Center,  FONON,  37,  Pobedy  Ave.  252056  BCiev,  UKRAINE. 


Absract 


The  Semi-Symmetrical  Circular  Groove  Guide  Resonator  was  suggested  for 
different  goals  in  millimeter  wave  region  [1].  The  main  goal  was  the  creation  of  a  Groove 
Diplexer  for  millimeter  wave  receivers.  For  this  goal,  the  spectral  characteristics 
(resonance  spectrum,  transmission  coefficient)  of  the  Groove  Diplexer  are  calculated  and 
measured  in  Af=30-40  GHz  fi'equency  range  . 

In  this  study,  the  transmission  characteristics  of  the  Groove  Diplexer  are 
investigated  by  changing  distance  between  Groove  Diplexer  mirrors  in  A  1^30-40  GHz 
frequency  range.  If  we  have  large  distance(3-5mm)  between  mirrors,  the  resonance 
spectrum  can  be  seen  at  low  fi-equency  range.  If  we  have  small  distance  (l-3mm)  between 
mirrors,  the  resonance  spectrum  can  be  seen  at  high  frequency  range. 

As  a  conclusion.  Groove  Diplexer  can  be  used  for  millimeter  wave  band  receivers. 
Also,  by  changing  distance  between  mirrors,  Groove  Diplexer  can  be  used  for  different 
LO  and  RF  frequencies. 
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-Waveguide  Model  of  Quasi-optic  Resonator  with 
Small-dimension  Corner-echelette  hlirror. 
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The  results  of  the  investigation  of  the  2-D  waveguide  model  of  the 
corner-echelette  open  resonator  are  presented.  The  corner-echelette  mirror 
consists  of  two  rectangular  echelettes  where  are  located  sjonmetric  to-4he 
OR  axis.  The  theoretical  research  of  the  OR  was  been  accomplished  by 
generalized  scattering  matrix  method.  The  quasifundamental  modes  are 
discovered  with  high  Q-quality.  This  modes  are  specific  only  for  the  OR 
with  corner-echelette  mirror.  The  conception  of  the  small-dimension  OR 
is  due  to  proposed. 
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Super-Resolution  in  Millimeter-Wave  Radiovision 

Yuri  A.  Krogov*,  Magdy  F.  Attia**,  Valeri  V.  Gladun*. 

Andrei  I  Dubina*,  Dmitri  A.  Tischenko*,  Eugene  N.  Terent’ev* 
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1 19899  Vorob’evy  Gory,  Moscow,  Russia 
”  Johnson  C.  Smith  University,  100  Beatties  Ford  Road, 
Charlotte,  N.C.  28216,  USA 

Abstract  -  The  possibility  of  passive  millimeter  wave  radiovision  is 
discussed.  Super-resolution  algorithms  are  developed  for  image 
enhancement  in  the  case  of  1-D  and  2-D  images.  Electronically  scanned 
phased  array  antenna  systems  have  been  used  for  the  scanning  of  the 
observed  2-D  scenes.  The  effect  of  noise,  accuracy  in  measuring  the 
^tenna  angular  positions  and  the  atmospheric  effects  on  the  resolved 
images  have  been  studied.  An  experimental  system  has  been  developed 
using  phased  array  antenna  and  a  sensor  array  system  in  the  focal  plane 
is  being  proposed. 


I.  INTRODUCTION 

The  possibility  of  utilizing  millimeter  waves  in  passive  imagers  has 
been  discussed  by  several  authors  during  the  last  decade.  The  basic  idea 
of  such  systems  is  to  collect  the  millimeter  wave  range  thermal  radiation 
from  the  scenes  to  form  a  clear  image.  The  millimeter  wave  thermal 
radiation  of  the  scenes  is  received  by  a  speciaUy  designed  scanning 
antenna  system  and  then  processed  in  the  system  to  displa}^  the  image  of 
on  the  system’s  monitor.  It  is  a  very  complicated,  scientifically  and 
technically  challenging  process  to  produce  high  quality  images  for  the 
following  reasons: 

♦  Physical  limitations  on  image  resolution  due  to  electromagnetic 
diffraction  by  the  antenna  system,  the  Rayleigh  level. 

♦  The  thermal  radiation  from  the  scene  is  incoherent  and  the  signal  to 
noise  ratio  is  low. 

♦  The  required  high  sampling,  image  collection  and  signal  processing 
rates  for  real  time  applications. 

♦  The  need  for  new  sophisticated  mathematical  and  numerical 
techniques  to  control  the  antenna  scanning,  the  computer  controlled 
multi-channel  system  and  image  restoration. 

Passive  millimeter  wave  imaging  systems  are  veiy  attractive 
because  millimeter  waves  have  much  less  attenuation  in  the  fog,  clouds, 
snow,  dust  and  rain  than  visible  light  and  infrared.  For  this  reason 
passwe  millimeter  wave  imaging  is  more  efficient  in  poor  weather 
conditions.  Passive  milUmeter  wave  imaging  systems  have  strong 
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ON  POSSIBILITY  OF  REDUCTION  OF  MUTUAL  INFLUENCE 
OF  CLOUDY  ATMOSPHERE  TO  PROBLEM  OF  RADIOMAPPING 


N . V. Ruzhentsev  and  Yu.A.Kuznenko 
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4  Krasnoznamennaya  Str.. 310002  Kharkov, Ukraine 
E-mail:  rai@ira.kharkov.ua 


The  differences  of  space  period  and  its  space  orienta¬ 
tion  between  earth  cover  and  atmosphere  contrasted  formations 
are  discussing  in  this  paper.  At  that  notes  a  possibility  to 
build  an  algorithmic  base  of  secondary  processing  of  millimeter 
wave  band  airspace  radioimages  using  mentioned  differences. 
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THE  ALGORITHM  OF  RADIO  IMAGES  QUALITY  IMPRQVEMEMT  AT  MM  WAVES 


N.V.Ruzhentsev,  Yu.A.Kuznenko  and  V.P.Churilov 

Radio  Astronomy  Institute 
4  Krasnoznamennaya  Str. .3100Q2  Kharkov, Ukraine 
E-mail:  rai@ira.kharkov.ua 


The  results  of  testing  of  two-frequency  (100  GHz  and  39 
GHz)  aircraft  radiomapping  system  of  environment  are  discussing. 
A  main  part  of  report  is  dedicated  to  examination  of  radioimages 
quality  improvement  with  using  of  different  filtration  methods 
and  methods  of  nature  formation  boundaries  separation. 
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The  dispersion  equation  of 
the  half-circular  helical-groove  structure 

Yu  Guofen  Wang  Wenxiang  Wei  Yanyu  Liu  Shenggang 
The  Institute  of  High  Energy  of  Electronics 
University  of  Science  and  Technology  of  China 

Abstract 

The  helical-groove  waveguides  as  a  slow- wave  circuit  have  high  heat 
capacity.  The  half-circular  helical-groove  structure  has  wider  bandwidth 
than  that  of  rectangular  helical-groove  structure  and  higher  interaction 
impedance  than  that  of  tape  helix.  Those  advantages  make  it  especially 
suitable  to  be  used  as  RF  structure  for  high  power,  moderate  wide- 
bandwidth  microwave  amplifier. 

The  dispersion  equation  of  the  half-circular  helical-groove  circuit  is 
obtained  making  use  of  much  simpler  match-field  method  than  that 
presented  in  early  work.  The  calculation  shows  that  the  results  obtained 
by  both  method  are  well  agreement  and  verifies  above  superiority  of  half¬ 
circular  helical-groove  waveguide. 
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MILLIMETER  WAVE  FREQUENCIES 
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ABSTRACT 

Proposed  broadside  coupled  image  guide  when  excited  with  the  electric  field  parallel 
to  the  image  planes  should  find  potential  applications  in  the  design  of  low  loss 
millimeter  wave  components,  specially  for  couplers  and  filters.  Dispersion 
characteristics  and  wave  impedance  for  even  and  odd  modes  of  the  broad  side 
coupled  dielectric  image  guides  are  computed  by  using  mode  matching  techniques. 
Dispersion  curves  for  broadside  image  guide  are  plotted  for  various  dielectric 
materials  and  dimensional  parameters  as  a  function  of  frequency.  Since  this  structure 
is  symmetrical,  this  configuration  can  be  analysed  in  terms  of  even  and  odd  mode 
phase  velocities.  The  difference  in  these  even  and  odd  mode  phase  velocities  can  be 
used  to  determine  the  coupling  between  coupled  dielectric  slab.  Various  couplers  in 
this  configuration  can  be  realised.  The  superiority  of  such  couplers  is  also  discussed. 
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Enhancement  of  the  QiwUty  of  Shielded  Dielectric  Resonator 
by  Grooving  of  Inside  Shield  Wall 

Yuri  A.Pirogov,  Evgeniya  V.Misiuriayeva 


Faculty  of  Physics 

M.V.Lomonosov  Moscow  State  University 
Voiob’evy  Goiy,  Moscow  119899,  Russia 


Introduction 

Disk  dielectric  resonators  (DDR)  [l-SJ  are  compact  and  liigh-quality  devices  which 
are  us^  for  generators  frequency  stabilization  and  narrow-band  filtering  of  microwave 
oscillations.  To  exclude  radiation  losses  and  irregular  reactive  connection  of  resonator  witli 
surroundmg  elements,  smooth-waU  metafile  sliields  are  used  which  reduce,  however  high 
proper  quality  of  resonator.  Possibility  to  remove  tire  sliield  on  large  distance  from  DDR  is 
^most  absent  in  real  cases  and  tlie  problem  to  keep  liigh  resonator  quality  is  appeared 
Here  it  was  shown  tliat  in  difference  of  metallic  sliield  witli  smootli  walls,  azimuthafiy 
corrugated  shield  gives  on  the  order  larger  quality  of  sliielded  DDR.  Phenomenon  of 
ertocement  of  quality  of  shielded  DDR  as  a  result  of  fulfilment  of  longitudinal  grooves 
(azunutli  corrugation)  on  inside  wall  of  cylindrical  axis-symmetric  shield  is  due  to  revealed 
during  digital  modelling  electrodynamics  phenomenon  of  pushing  away  of  electromagnetic 
fields  from  corrugated  wall.  As  a  result,  effective  surface  of  interaction  of  metallic  wall  witli 
leaked  field  of  whispered  gallery  wave  of  DDR  is  significally  reduced  sharply  decreasing 
olunic  losses  on  the  sliield.  f  j  & 
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DISPERSION  CHARACTERISTICS  OF  COPLANAR 
WAVEGUIDE  WITH  THICK  METAL  COATING 

A.  K.  RASTOGI 
Department  of  Pt^sics 
Govt.  MVAM,  Bhopal,  (MP),  INDIA-462008 

ABSTRACT 


i^projdmate  conformal  mapping  techniques  have  been  used  for  analysing  the  effect 
of  fimte  ^bstrate  thickness  on  coplanar  wave  guide  (CPW)  theoretically.  Calculations 
tor  impedance  and  effective  dielectric  constant  are  presented  for  CPW’s  with  finite 
substrate  thickness.  Network  analytical  methods  of  electromagnetic  fields  are 
employed  to  evaluate  the  effect  of  4hick  metal  coating  of  CPW.  Dispersion 
charactenstics  of  CPW  have  been  plotted  for  various  metallisation  thickness.  Effect  of 
stnp  width  on  total  attenuation  have  also  realised. 
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rVee  oscillations  spectrum  in  resonator  on  evanescent 
waveguide  with  two-layer  magnetodielectric. 
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The  results  of  solving  of  electrodynamic  problem  for  spectrum  of  free 
oscillations  of  resonator  on  evanescent  modes  (wavegi de-dielectric  resona¬ 
tor)  with  partial  magnetodieiectric  filling  were  given.  It  was  shown,  that 
for  case  of  axial-asymmetrical  waves  the  solving  exists  as  EErr,np{EHmn'p) 
hybrid  inodes.  The  calculated  values  and  exsperimentally  obtained  data 
for  EEiiia.jid  i?oii-oscillations  were  compared. 

The  results  obtained  may  be  used  for  a  creation  of  new  microwave 
filters,  for  a  measurement  of  different  dielectric  and  magnetic  materials 
including  both  rods  and  sleeves  and  as  contom-  system  of  microwave  gene¬ 
rators. 
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Micromacbming  Teclmology  for  Terahertz  Applications 
S.11.  Davies,  H.  Kazeml,  Partridge,  S.T.G.  Wootton  and  NJf.  Croniui 
School  of  Physics,  UnivcrKtyofBathj,  Bath  BA2  TAY,  United  Kingdom 


The  devdopmartt  of  iTOnromacihinad  wavegiiide  components:  ftir  ni)eratian  at  terahertz  frequencies 
\ot11  be  descaibed.  These  include  passive  waveguide  components,  such  as  filters,  directional  couplers 
and  tees,  and  coniponems  whli  integrated  active  devices,  such  as  frequency  rouMpHcrs. 
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Complex  Propagation  Results  in  3-D  of  the  Generic  Arbitrary  Bilateral 

Finlines 

Humberto  Cesar  Chaves  Femandes  and  Jarbas  de  Albuquerque  Sales  Neto 
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Tel/Fax:  +55  84  2153731,  e-mail:  humbeccf@ncc.ufim.br 
59.072-970 -Natal  -  RN  -  Brazil 


ABSTRACT 

An  electromagnetic  application  is  developed  to  obtain  the  complex  propagation  of  the 
arbitraiy  bilateral  finlines  with  semiconductor  substrate  and  conductor  thickness 
simultaneity  at  tlie  first  time,  using  the  concise  and  efficient  Transverse  Transmission  Line 
method.  These  results  are  in  according  with  that  of  previous  works,  and  arc  good  to  expand 
the  applications  possibility  in  millimeter  waves  frequencies. 
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Dielectric  loss  measurements  with  a  confocal  Fabiy-Perot  resonator 
J.  M,  Dutta  and  C.  B,  Jones 
Department  of  Physics 

North  Carolina  Central  University,  Durham,  NC  27707  USA 

A  measurement  method  which  combines  coherent  optical  resonance  techniques  with 
conventional  microwave  techniques,  has  been  optimiTad  tn  investigate  the  dielectric  loss  properties 
of  materials  under  investigation  far  the  gyrotron  window  applications.  Ihe  theory  of  the  method 
applied  is  reviewed  and  prcliminaiy  xosuits  of  some  of  the  candidate  materials  are  presented. 
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ANALYSIS  OF  TWO-DIMENSIONAL  DIELECTRIC  GRATINGS  FOR  THE  DESIGN  OF 
DICHROIC  STRUCTURES 
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State  University  of  Campinas  (UNICAMP) 

Campinas,  SP,  Brazil  13083-970 


ABSTRACT 

The  electromagnetic  wave  propagation  in  an  array  of  rectangular 
dielectric  waveguides  is  examin^  here  using  the  moment  method  with 
an  adequate  expansion  of  the  electric  field.  The  dyadic  Green's 
function  is  obtained  using  the  volume  equivalence  theorem.  The 
fiequency  selecti  ve  characteristic  of  a  layer  made  up  of  this 
geometry  is  obtained  from  the  boundary  conditions  applied  at  the 
interfaces  between  the  dielectric  grating  layer  and  the  homogeneous 
regions  existing  above  and  below  the  periodic  layer. 
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COUPLED  SUPERCONDUCTIVITY  IN  OPENED  AND  CLOSED  MICROSTKIP 
WITH  VARIOUS  SEMICONDUCTOR  SUBSTRACTS 

Humberto  C6sar  Chaves  Fernandes  and  Gustavo  Adolfo  B.  Lima 
Department  of  Electrical  Engineering  -  Technological  Center 
Federal  University  of  Rio  Grande  do  Norte  -  PO  Box:  1 583 
Tel/Fax;  +55  84  2153731,  e-mail:  humbeccf@ncc.ufiTi.br 
59.072-970  -  Natal  -  RN  -  Brazil 

Abstract 


It’s  analyzed  the  coupled  superconductivity  in  opened  and  closed  microstrp  with  three 
semiconductor  substrate.  This  structure  is  applied  in  integrates  circuits  to  high 
frequency.  It’s  utilized  in  the  analysis  the  transverse  transmission  line  method  (TTI .). 
The  results  obtained  show  the  effective  dielectric  constant  and  attenuation  constant 
changes  in  function  of  operation  frequency  for  the  superconductor  structure,  with  the 
development  of  one  coherent  theory  and  numeric  and  graphics  surveys  by  means  of 
one  computational  routine  in  the  analysis  of  structure.  (CNPQ). 
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ELECTRON  GUN  DEVELOPMENT  FOR  HIGH  POWER 
LOW  VELOCITY-SPREAD  AXIS-ENCIRCLING  BEAM* 

D.  Gallagher,  J.  Richards,  F.  Scafuri,  C.  Armstrong 

Northrop  Grumman  Corporation 
Electronics  &  Systems  Integration  Division 
Electronic  Systems 
600  Hicks  Road,  M/S  H6402 
RoUing  Meadows,  IL  60008 
Tel  (847)  259  9600 


possible.  Then«m_d=ag„g„al,.r;  bL  cur,*n, "  sTSSSSd 

A  ■  veIocityspreadIessthan5%.  Pfeliminarv 

desi^  ^jdates  were  obtained  by  the  code  NOVGUN  developed  at  NG.  This  code  calculates  S 
trajectories  in  the  electric  and  magnetic  fields  calculated  by  solving  LaPlace’s  eauiion 
for  the  el^c  and  malefic  scalar  potentials.  The  gun  electrodes  and  magnetic  Lie  niece 
were  varied  tystematically  and  automatically  through  hundreds  of  iterations  until  the  beam  ri 
(guiding  center  spread)  and  axial  vdodly  spread  were  minimized.  To  achieve  both  low  rinnle  and^n  ^ 
ve  octy  spr^  it  was  necessap.  to  incorporate  a  magnetic  ring 

cathode  to  deflect  the  magnetic  field  lines  away  from  the  cathode.  After  a  preliminarv  desicn 
candidate  was  found  through  NOVGUN.  the  gun  was  modeled  by  the  Herrmannsfeldt  cod7wfth  he 
magnetics  acoirately  simulated  by  the  MAXWELL  code.  cLode  sX«  r^^et  1 
^mpera^re  of  the  cathode  ring  were  taken  into  account,  and  the  cathode  was  recced  to  reduL 
edge  emssiom  After  fine  turung  the  design,  particularly  the  shape  of  the  cathode  ring  the  final 
simulations  indicate  all  the  goal  specifications  being  met.  llie  mechanical  design  of  th^e  cun  was 

ZXtt  for SreJilS^"^ 


^  ®  scintillator  witnes  plate  capacitive  orobe. 

^  field  ^alj^er  (to  measure  the  average  axial  and  transverse  bLn  veToS  ^weU^ 

the  vdoaty  spreads)  has  been  designed,  and  its  fabrication  is  nearly  complete  The  gun  ^Sl7Teste^ 
^  r^ced  voltage,  24  kV,  with  the  magnetic  field  and  frequency  scaled  accord^Tlt  inc  co  d 


*W<Mk  juppofttd  in  part  by  NRL  and  MURl. 
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Theory  of  Electron  Beam  —Wave  Interaction  in  Waveguide  Filled 
With  Plasma  in  Axial  Magnetic  Field  * 

Liu  Slienggang  etc 

University  of  Electronic  Scieitce  and  Technology  of  China 
Chengdu,  P.R.China,  610054 
FAX:(Kt«G.2R  3334131 
Tcl  :  0086,28  3323974 
c-niail:  litisg(S7ittcslc.cdii.cti 

Abstract 

General  formulations  of  electron  beam  —wave  interaction  in  waveguide  filled  with 
plasma  in  axial  magnetic  field  were  worked  out  .General  interaction  eqations  and 
dispersion  equations  have  been  derived  and  the  equations  of  the  instability  criteria 
were  obtained.  It  shows  in  the  paper  that  these  equations  may  cover  almost  all  kinds 
of  electron  beam  —wave  interactions,  such  as  the  longitudinal  interactions  (  TWT, 
BWO,  Cherenkov  Radiation,  etc)  ,the  transyerse  interactions,  such  as  ECRIv'I(Gyro- 
trons)  .  Two  examples  of  the  applications  of  the  theory  worked  out  in  the  paper  are 
presented:  tl»e  electron  cyclotron  resonance  maser  and  the  cherenkov  radiation.  Both 
of  them  atre  treated  by  means  of  kinetic  theory-.  Detailed  discussions  are  given  in 
the  paper. 

*work  supported  by  Chinese  National  Natural  Science  Foundation 
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EFFECTIVE  MILLIMETRIC  NOISE  SOURCES  WITH  CONTROLLED 

CHAKACTERISTICS 

Vladimir  A.  Rakityansky 

Institute  of  Radiophysics  and  Electronics 
National  Academy  of  Sciences  of  Ukraine 
12,  Acad.  Proskura  St.,  310085  Kharkov,  Ukraine 
E-mail:  rakit@ire.kharkov.ua;  Fax:  38  0572  441  105;  Tel:  38  0572  448  371 

The  millimetric  Noise  Sources  (NSs)  with  mean  output  power  level  find  the  wide  applica¬ 
tion  in  Noise  Radars  and  various  measurement  systems.  Approach  /  1,2  /,  using  dynamical 
properties  of  Backward  Wave  Oscillators  (BWOs),  allows  to  excite  niillimetric  Chaotic  Oscil¬ 
lations  and  to  develop  the  effective  NSs  with  continuous  and  wide  enough  power  spectrum  . 
The  NSs  developed  provide  the  oscillation  frequency  and  power  spectrum  width  control.  The 
characteristic  property  of  the  method  is  the  necessity  to  provide  the  great  values  of  operating 
current  to  threshold  current  ratio  in  result  of  the  oscillators  operate  in  regimes  near  to  limit. 

To  have  an  opportunity  to  increase  the  NSs  output  power  and  operating  frequency  the 
application  of  the  slow-wave  structures  with  developed  interaction  space  is  proposed  to  use. 
With  this  end  in  view  the  iTa-band  packaged  NS  on  BWO  with  modified  vane-type  circuit  has 
been  designed. 

The  new  NS  has  efficiency  more  than  twice  as  many  as  earlier  one  and  provides  CW  output 
power  up  to  jP  =  18W  with  magnetic  field  value  of  3000G  in  center  of  samarium-cobalt  system 
gap.  Application  of  system  with  B=4000G  allows  to  generate  Noise  with  P  >  32W. 

Moreover  the  modified  circuit  has  a  lower  dispersion  and  offers  electronic  tunabihty  of  Noise 
frequency  of  8-12%  in  the  range  33,5-38GHz.  Power  spectrum  width  depends  on  the  operating 
current  values  and  cein  be  varied  from  several  to  250-300MHz. 

The  NS  characteristics,  listed  above,  only  partially  show  the  possibilities  of  the  melhoci. 
Its  application  allows  to  excite  the  Noise  of  microwave  and  higher  frequency  of  millimeter  wave 
range.  The  NS  combines,  in  essence,  the  functions  of  the  modulator  and  oscillation  source.  It 
should  be  particularly  emphasized,  that  the  source  is  powered  by  DC  voltage  only. 

At  present  time  the  Noise  Sources  designed  are  applied  for  development  of  the  Noise 
Radars  with  crosscorclation  signal  processing  /  3  /,  Noise  Reflectometers  /  4  /  for  fu¬ 
sion  plasma  diagnostic  and  self-mixing  me£isurement  systems  and  sensors  with  signal  power 
spectrum  proces.sing  /  5  /. 

1.  V. A. Rakityansky.  Sources  of  intensive  Noise  Signals  of  millimeter  wave  band,  Inter¬ 
national  Journal  of  Infrared  and  Millimeter  Waves,  Vol.  16,  No.  12,  1995,  pp.  2085-2096. 

2.  V.A.  Rakityansky,  K.A.  Lukin,  Excitation  of  the  chaotic  oscillations  in  millimeter  BWO, 
International  Journal  of  Infrared  and  Millimeter  Waves,  Vol.  16,  No.  6,  1995,  pp.  1037-1050. 

3.  K.A.  Lukin,  Y.A.  Alexandrov,  V.V.  Kulik,  V.A.Rakityansky,  A.A.Mogila,  Broadband 
millimeter  noise  radar.  International  Conference  on  Modern  Radars,  Kiev,  Ukraine,  1994,  pp. 
30-31  (in  Russian). 

4.  V.S.  Korosteljev,  K.A.  Lukin,  O.S.  Pavlichenko,  R.O.  Pavlichenko,  V.A.  Rakityansky, 
V.P.  Shestopalov,  Correlation  reflectometry  via  Noise  Signals,  Proc.  of  IAEA  Tech.  Meeting 
on  Microwave  Reflectometry,  Abingdon,  England,  1992. 

5.  V.V. Kulik,  K.A.  Lukin,  V.A.  Rakityansky,  Autodyne  effect  in  BWO  operatmg  in  chaotic 
behavior,  Int.  Conf.  on  MM  and  Submm.  Waves  Applications.  M.N.  Afsar,  Editor,  Proc. 
SPIE  2250,  1994,  pp.  207-208. 


DESIGNING  OF  MM-WAVH  LNA. 

I.  and  K.  Sunduchkov^.  B.  Shelkovnikov** 

*)  Joint'Stock  Company  “Saturn”,  252148,  KyiV'148. 

Pr.  50-Let  Oktyabrya,2b 

**)  National  Technical  University  (“KPI”),  252056.  Kyiv-56, 
Pf.Peremogy,  37 

Tlie  result  of  development  of  mm-wave  low  noise  amplifier  arc  given 
in  this  paper.  The  method  of  designing  have  been  described.  The  layouts 
of  amplifier  stages  have  been  shown. 

Characteristics  of  amplifiers  operating  In  18GHz.  37GHs  and  50GH2 
frequency  band  have  been  presented. 
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MmiMETER  WAVE  COIJ)-CATHODE  COAXIAL  T^VT 
Victor  D.  Yeremka,  Maxim  O.  Khorunzhiy 

The  Usikov  Institute  of  Radlophyslcs  &  Electronics  of  the  National  Academy 
of  Sciences,  12,  Acad.  Proskura  st,  310085,  Kharkiv,  Ukraine 
Telephone:  38-0572-448-519.  Fax:  38-0572-441-105.  E-  mail:  eremka@ire.kharkov.ua 

ABSTRACT 

The  first  results  of  the  investigations  into  the  characteristics  of 
coaxial  TWT  with  an  electron-optical  system  comprising  an  autoelectonic 
emission  cathode  in  the  form  of  edge-type  emitters  are  presented.  A  miique 
slow-wave  S5rstem  is  described.  The  use  of  the  computer  model  shows  that  the 
pulse-operated  amplifier  is  capable  of  ensuring  high-power  performance 
characteristics. 
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Phase-Locking  Microwave  Oscillator  with  Profiled  DC  Magnetic  Field 

E.Odarenko,  A.Shmat'ko 
Dept,  of  Radiophysics,  Kharkov  State  University, 

Svobody  Sq.,4,  310077,  Kharkov,  Ukraine 

The  phase  locking  of  the  resonant  0-type  microwave  oscillator  by 
p  external  signa’  is  theoretically  investigated.  The  signal  is 
introduc^  directly  onto  the  cavity  outyut.  Nonlinear  resonant 
characteristics  of  the  oscillator  are  calculated  with  two-diinensional 
motion  of  electrons  taken  into  account.  The  effect  of  the  magnetic 
nonuniformity  on  the  output  characteristics  of  the  phase-locking 
oscillator  is  considered. 
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MILLIMETER  AND  SUBMILLIMETER  CW  CLINOTRONS 

S.  Chiirilova,  Ye.  Lysenko 

Institute  of  Radio  Astronony 

National  Academy  of  Sciences  of  Ukraine 

n  4,  Chervonoprapoma  St.,  Kharkiv  310002,  UKRAINE 

Phone:  +380  (572)  448  564;  Email:  lysenko@rian.kharkov.ua 


Presented^  are  the  recent  results  of  working  out  CW  clinotrons 
for  millimeter  euid  submillimeter  wave  baind.  These  oscillators 
are  characterized  by  an  enhanced  output  power  as  compare  with 
BWO*s  and  carcinotrons .  General  performances  of  packaged  clinotrons 
with  water  cooling  and  cooling  system  on  the  basis  of  a  heat  pipe 
are  discribed. 
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MILLIMETER  WAVE  PEMOMAGNETRON 
Victor  D.  Yeremka 

The  Usikov  lostitute  of  Radiophj'sics  &  Electronics  of  the  National  Academy 
of  Sciences,  12,  Acad.  Proskura  st,  310085,  Kharkiv,  Ukraine 
Telephone:  38-0572-448-519.  Fax:  38-0572-441-105.  E-  mail  er6mka@ire.kharkov.ua 

A  description  is  given  ol  the  MMW  peniotron  oscillator  with  interaction 
space  in  the  form  of  the  magnetron  waveguide  with  a  spike  positioned  along 
the  axis.  The  interaction  between  the  large-orbit  tubular  electron  beam  and  the 
High-frequency  field  occurs  in  static  crossed  electric  and  magnetic  fields.  The 
peniomagnetron  output  signal  frequency  change  is  shown  to  be  achieved  with 
no  power  being  consumed  in  the  control  circuit 
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INFLUENCE  OF  NON-RESONANCE  STANDING  WAVE  HELD 
COMPONWTS  ON  THE  POWTR  PERFORMANCE  CHARACTERISTICS 
OF  MMW  AUTORESONANCE  PENIOTRON  -  OSCI1L4TOR 

Victor  D.  Yerenika 

The  Usikov  Institute  of  Radiophysics  &  Electronics  of  the  National  .Academy 
of  Sciences,  12,  Acad.  Proskura.  sL,  310085,  Khariciv,  Ukraine 
Telephone:  38-0572-448-519.  Fax:  38-0572-441-105.  E-  mail;  eremka@ire.kharkov.ua 

The  resvilts  of  computer  simulation  of  the  IvHVlW  autoresouance 
peniotron-oscillator  are  presented.  It  is  found  that  the  sinusoidal  and  Gaussian 
distribution  of  the  HF-field  ampUtude  profile  along  the  oscillator  interaction 
space  results  in  the  attenuated  effect  of  the  field  non-resonance  harmonics  on 
the  electron  and  wave  power  exchange,  thereby  increasing  the  electronic 
efficiency. 


W3.3 


353 


OPTICALLY  PUMPED  FAR  INFRARED  MOLECULAR  LASERS: 
MOLECULAR  AND  EXPERIMENTAL  ASPECTS 


Indranath  Mukbopadhyay  *  and  Shyam  Singh 

Laser  Programme,  Centre  for  Advanced  Technology 
Indore  452  013,  India 


^  E-mail:  indra@cat.emet.in 
Visiting  Scientist  from 

Department  of  Physics,  University  of  Zambia 
P.  O.  Box  32379,  Lusaka,  Zambia. 


ABSTRACT 

This  paper  will  discuss  extensively  the  optically  pumped  far  infrared 
molecular  lasers  particularly  the  chateristics  of  the  active  media  and  their 
applications  in  various  fiels  in  science  and  technology.  Various  other 
experimental  aspects  and  problems  will  be  described  in  detail. 


W3.4 


354 


New  Optically  Pumped  FIR  Laser  Lines  from  CD3OH 


Edjar  M.  Telles\  Lyndon  R.  Zink,  Kenneth  M.  Evenson 


Time  and  Frequency  Division 
National  Institute  of  Standards  and  Technology-NIST 
325  Broadway,  Boulder,  CO  80303-3328,  U.S.A. 


Abstract 


The  CO2  and  NjO  lasers  were  used  as  optical  source  to  pump  CD3OH.  As  a  consequence, 
thirteen  new  far-infrared  (FIR)  laser  lines  were  discovered  in  the  range  46.8  pm  to  1 72.6  pm. 


‘Postdoctoral  fellow  from  CNPq-Brasilia-Brasil 
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Accurate  Frequency  Measurements  of  Optically  Pumped 

FE^  Laser  Lines 


Edjar  M.  Telles*,  Lyndon  R,  Zink,  Kenneth  M.  Evenson 

Time  and  Frequency  Division 
National  Institute  of  Standards  and  Technology-NIST 

325  Broadway,  Boulder,  CO  80303-3328,  U.S.A. 

Abstract 

A  sub-Doppler  signal  from  the  gain  curve  of  a  transversally-pumped  laser  was  used  to 
stabilize  the  frequency  of  far-uifrared  (FIR)  laser  lines.  The  locked  lasers  have  the  frequency 
reproducibility  of  parts  in  10*  and  the  accuracy  smaller  than  30  kHz. 


‘Postdoctoral  fellow  from  CNPq-Brasilia-Brasil. 
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ABSIRACT 

Transitional  l^ocesses  in  HCN-Iasw  Plasma 
Kamenev  Ya.Yu; 

A  stepwise  growth  in  conductivity  of  HCN-laser  gas-discharge  plasma  has  been 
observed  in  100  Hz  mqjulsipg  discharge  on  emergence  of  the  laser  radiation.  No  effect  of  laser 
resonator  re-tuning  on  this  phenomenon  is  found. 
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Active  Conformable  Microstrip  Antenna  Array 

JunXiang  Ge  YuXing  Li 
Department  of  Electronic  Engineering 
Beijing  University  of  Aeronautics  and  Astronautics 
Beijing  100083,  P.  R.  China 

ABSTRACT: 

Active  conformable  antenna  array  develop  from  active  antenna  array.  It  can 
realize  to  conform  with  stuck  body,  and  the  spatial  power  combining  from 
large  numbers  of  microwave  and  millimeter  wave  solid-state  low  power 
devices.  A  2x1  active  cylindrical  microstrip  antenna  array  at  X  band  is 
designed. 

KEY  WORDS: 

Active  Conformable  Antenna  Array,  Power  Combining^  Millimeter 
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THE  CYCLOTRON  RESOxNANCE  MASER  INTERACTION 
IN  A  LONG  NONUNIFORM  SYSTEM: 
APPLICATION  TO  THE  GYROTRON  BEAM  TUNNEL* 

J.  L.  Vomvoridis 

National  Technical  University  of  Athens, 

Department  of  Electrical  and  Computer  Engineering 


1.  G.  Tigelis 

University  of  Athens,  Department  of  Physics 


The  Cyclotron  Resonance  Maser  interaction  has  been  extended  to  study  the 
interaction  of  a  monochromatic  electron  beam  with  a  propagating  TE  wave  in  a 
long  system  with  axial  nonuniformity,  approximated  by  constant  gradients.  The 
single-particle  response  of  the  system  has  been  found  to  depend  on  two  gain 
functions  in  two  variables  (length  and  frequency  mis-match,  both  weighted  by 
tlie  nonuniformity),  with  behavior  similar  to  the  standard  results  of  the  uniform 
case.  An  exhaustive  .search  in  the  two  variables  ha,s  identified  the  conditions  of 
maximum  gain.  The  results  have  been  applied  to  typical  g3TOtron-beam-tunnel 
geometries. 

*Work  supported  in  part  by  the  Fusion  Programme  of  the  European  Union. 
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DENSITY  AND  ENERGY  MODULATION 
OF  A  GYROTRON  ELECTRON  BEAM 
IN  A  PERIODICALLY  CORRUGATED  BEAM  TUNNEL* 

A.  Lazaros  and  J.  L.  Vomvoridis 
National  Technical  University  of  Athens, 

Department  of  Electrical  and  Computer  Engineering 


The  equilibrium  distribution  of  an  electron  beam,  under  the  action  of  its  self  and 
image  fields  is  studied  in  a  periodically  corrugated  beam  tunnel  with  dielectric 
lining  of  the  indentations.  The  Poisson  and  beam  equations  are  solved  self- 
consistently  in  terms  of  the  Fourier  components  of  tlie  electrostatic  potential  and 
the  beam  density  and  velocity.  Superposition  is  applied  to  reduce  the  number  of 
unknown  coefficients.  The  system  is  solved  numerically,  to  give  the  amplitude  of 
the  density  and  energy  modulations  for  each  haimonic.  The  results  are  extended 
to  a  weakly  nonuniform  system,  to  assess  the  behavior  in  a  gyrotron  beam  tunnel. 

*Work  supported  in  part  by  the  Fusion  Programme  of  the  European  Union. 
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HIGH-FREQUENCY  NON-CYLINDRICAL  MODES 
IN  A  DIELECTRICALLY  LOADED  CORRUGATED 
GYROTRON  BEAM  TUNNEL* 

S.  Tzima  and  I.  G.  Tigelis 
University  of  Athens,  Department  of  Physics 

J.  L.  Vomvoridis 

National  Technical  University  of  Athens, 

Department  of  Electrical  and  Computer  Engineering 


A  numerical  code  (PERIODIC  HE  EH)  is  developed  for  the  calculation  of  d,e 
dispersion  relation,  the  electromagnetic  field  components  and  the  quality  factor 
of  a  dielwtncaUy  loaded  periodically  corrugated  gyrotron  beam  tunnel  The 
Hoquct  tiicorcm  is  used  to  express  the  fields  in  the  vacuum  region  and  an 
eigenmnction  expansion  is  employed  in  each  dielectric  indentation  The 
boundary  conditions  imposed  at  tlie  interface  lead  to  a  linear  system  of 
^uauons,  which  is  appropriately  truncated  for  the  numerical  implementation, 
ihe  results  are  compared  with  established  code  {CASCADE^. 

*Work  supported  in  part  by  the  Fusion  Programme  of  the  European  Union. 


Th5.5 


361 


Tomography  System  at  Millimeter  Waveband 

Vertiy  Gavrilov  Armagan  D.S/‘^ ,  Samedov 

1.  TUBiTAK,  Marmara  Research  Center,  Space  Technologies  Department,  41470, 

Gebze,  Kocaeli,  TURKiYE. 

Phone:  090  262  641  23  00;  e-mail:  demet@mam.gov.tr;  Fax:  090  262  641  23  09 

2.  IRE,  National  Academy  of  Science  of  Ukraine,  12  Acad.,  Proskura  St.,  Kharkov, 

UKRAINE 

3.  STATE  Research  Center,  FONON,  37,  Pobedy  Ave.  252056,  Kiev,  UKRAINE 
Abstract 

The  electrodjTiamical  system  for  tomographic  imaging  operating  in  millimeter 
wave  band  has  been  created.  The  tomographic  process  is  directly  applied  to  microwave 
imaging  of  the  object  which  is  characterized  by  complex  dielectric  permitivitty  [1-3]. 

The  reconstruction  of  the  cross-section  of  circular  dielectric  cylinder  with  small 
an  absorption  (the  axial-symmetry  function  of  coordinates)  carried  out  by  using  Fourier- 
Bessel  transformation.  The  same  reconstruction  in  the  case  an  absorption  is  unaxial- 
symmetry  function  of  coordinates  is  used  the  Fourier  transform  method.  The  results  of 
calculation  are  compared  with  experimental  data. 

References: 

[1]  D.  L.  Mensa,  High  Resolution  Radar  Cross-Section  Imaging,  Norwood,  MA,  Artech 
House,  1991. 

[2]  F.  Natterer,  The  Mathematics  of  Computerized  Tomography,  B.G.  Teubner, 
Stuttgart,  John  Wiley  «&  Sons  Ltd.,  1986. 

[3]  Mamel  Nieto-Vesperinas,  Scattering  and  Diffraction  in  Physical  Optics,  a  Wiley- 
Interscience  Publication.  John  Willey&Sons,  Inc.,  NewYork/  Chichester,  Brisbane/ 
Toronto/  Singapore. 
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THE  INFLUENCE  OP  lOnZATION  M)  STRICTION  NONLINEARITIES  ON 
THE  SURFACE  WAVES  SELF-INTERACTION  IN  MICROWAVE  GAS  DISCHARGE 

PLASMAS. 

K.N.Ostrlkov 

Kharkov  State  University  and  Kharkov  Fire  Safety  Institute, 

2  Novgorodskaya,  #  93,  310145,  Kharkov,  UKRAINE 

The  studies  of  the  conditions  of  production  and 
self-sustalnement  of  RF  and  microwave  gas  discharges  are  actual 
because  of  a  wide  use  of  such  discharges  in  many  low-temperature 
plasma  technologies.  The  surface  waves  (  SW  )  which  sustain  the 
discharge  are  usually  undergo  the  nonlinear  behaviour.  Here  the 
influence  of  ionization  and  strlctlon  nonllnearltles  on  the  SW 
propagation  in  microwave  gas  discharge  plasmas  is  studied.  The 
propagation  of  the  SW  at  the  plasma-metal  interface  across  an 
external  magnetic  field  is  considered.  The  impact  of  both 
nonlinear  self-interaction  mechanisms  on  the  SW  propagation  as 
well  as  on  the  discharge  structure  is  investigated.  The  obtained 
results  can  be  also  applied  for  diagnostics  of  low-temperature 
gas  discharge  plasmas. 
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SUBPAGE  MAGNETOPLASMA  WAVES  IN  THE  SEMICONDUCTOR-SEMICONDUCTOR 
STRUCTURE  WITH  A  NON-UNIFORM  TRANSIENT  LAYER 
N.A.AzarenkOY,  A.V.Gapon 

KharkoY  State  UnlYerslty,  310077,  KharkoY,  UKRAINE 

K.N.OstrikoY 

KharkoY  State  UnlYerslty  and  KharkOY  Fire  Safety  Institute, 

2  NoYgorodskaya,  #  93,  310145,  KharkoY,  UKRAINE 

The  waYe  properties  of  the  semiconductor-semiconductor  two- 
layer  structure  are  considered.  The  presence  of  two  near- 
Interface  transient  layers  with  the  non-uniform  medium  density 
distributions  Is  assumed.  The  surface  magnetoplasma  waves  (SW) 
propagation  across  an  external  magnetic  field  (  the  latter  Is 
parallel  to  the  Interface  )  In  the  Voigt  geometry  Is 
Investigated.  It  Is  shown  that  the  presence  of  the  transient 
layers  leads  to  the  rise  of  the  SW  resonant  damping  caused  by 
the  excitation  of  the  local  hybrid  resonances.  The  quantitative 
characteristics  of  this  process  are  obtained  as  well. 
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HIERARCHIC  THEORY  OF  OSCILLATIONS  AND  WAVES  AND  ITS 
APPLICATION  FOR  PROBLEMS  OF  RELATIVISTIC  ELECTRONICS 

Victor  V.  Enlish,  Oleh  B.  Emtko 

Theoretical  Physics  Dq>  artment,  Sumy  State  University, 

2,  Rymski-Koisakov  Street,  Sumy,  244007,  UKRAINE 

nw  v^ion  of  the  general  nonlin^  theory  of  relativistic  electronic  devices  with 
lo^-timc  interaction  is  elaborated.  Hierarchic  principle  was  considered  as  a  base  of 
this  version.  The  Bogolubov's  method  of  averaging,  methods  of  averaged  quasi 
hydrodynamic  and  kinetic  equations  and  hierarchic  method  of  asymptotic  integration 
of  Maxwell's  equation  are  used  forparametrization  of  the  hierarchic  principle. 
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APPLICATION  OF  THE  THEORY  OF  HIERARCHIC  OSCILLATIONS 

AND  WAVES  FOR 

INVESTIGATION  OF  NONLINEAR  PROCESSES  IN  THE 
HYRORESONANCE  SYSTEMS 

Victor  V.  Knlish,  Oleh  B.  Kmtko,  Alexander  G.  Raihisdc 

Theoretical  Physics  Dqjartment,  Sumy  State  University, 

2,  Rymsid-Koisakov  Stre^  Sumy,  244007,  UKRAINE 

The  peculiarities  of  application  of  the  hierarchic  oscillations  and  waves  theory  for  the 
hyrorcsonancc  system  nonlinear  analysis  are  illustrated.  A  number  of  nontrivial  effects 
that  can  take  place  here  arc  shown  and  investigated.  For  instance,  the  subharmonics 
and  fraction  harmonics  excitation  effects,  generation  of  quasi  stationary  electric  field 
effects  and  others  can  be  realized  in  such  sj^tems. 
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EFFECT  OF  RELATIVISTIC  ELECTRON  BEAM  COOLING  IN  THE 
ACCELERATING  SYSTEM  WITH  CROSSED  MAGNETIC  AND 
VORTEX  ELECTRIC  UNDULATED  FIELD. 

Victor  V.  Kniish,  ♦Peter  B.  Rose!,  Oleh  B.  Kmtko,  Ihor  V.  Gubanov 

Theoretical  Physics  Dq>artmcat,  Sumy  State  Univasily, 

^  2,  Rymski-Koisakov  Street,  Sumy.  244007,  UKRAINE 

Dq)artm<ait  of  Ele^cal  And  Computer  Engineering  and  Computer  Science, 
University  of  Cincinnati,  Cincinnati,  OH  452221-0030 


^e  possibility  of  realization  of  the  relativistic  electron  beam  cooling  effect  is  shown. 
Ihe  theory  of  hierarchic  oscillations  and  waves  is  used  as  the  methodical  base.  It  is 
ascertained  that  the  effec^  of  acceleration  and  compression  of  the  beam  can  occur  in 

the  same  time.  These  are  illustrated  by  a  number  of  results  of  analytical  and  numerical 
analysis. 
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LOW  -  ENFRBETIC  PICOSECOND  PULSE  ELECTROMABNCT I C 
FIELDS  OF  EHF-^  INTERACTIONS  WITH  TISSUE:  ANALYTICAL 
DESCRIPTIONS  OF  ULTRASHORT  OPTICAL  PULSE  PROPABATION 
IN  AN  HETEROBENEOUSLY  BROADENED  BIOMEDIUM. 

1 

CHOVNJUK  Y.V. 


1 

Kiev  State  Technical  University  of  Construction  & 
Architecture,  252040,  KIEV,  P.O.BOX  34,  UKRAINE. 

This  work  is  devoted  to  the  problems  of  modeling , 
prophylaxis  and  treatment  of  some  cancer  tumour‘''s  interactions 
with  a  low— enerqetic  picosecond  pulse  electromagnetic  fields  of 
EHF.  We  used  B.L.  LAMB-^s  analytical  descriptions  of  ultrashort 
optical  pulse  propagation  in  am  heterogeneously  broadened 
biomedium.  We  think  that  this  is  a  unified  survey  of  various 
theoretical  approaches  that  have  been  developed  to  account  for 
the  novel  propagation  effects  and  influence  which  may  take  p  lac; to 
when  extremely  short  pulses  of  coherent  millimeter  waves 
interact  with  tissue  (cancer  tumour). 
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"NOISE  INDUCED  TRANSITIONS  IN  TISSUE-^  INTERACTIONS 
WITH  WEAK  ELECTROMAGNETIC  FIELDS  OF  EXTRA  HIGH 
FREQUENCY  (EHF) " 

1 

CHOVNJLIK  Y.V. 


1  . 

Kiev  State  Technical  University  of  Construction  & 
Architecture,  252040,  KIEV,  P.O.BOX  34,  UKRAINE. 

This  work  is  devoted  to  the  problem  of  treatment,  analysis 
and  modellinq  of  tissue^  interactions  with  weak  electromagnetic, 
fields  of  the  extra  hiqh  frequency  (EHF).  We  make  an  attempt  to 
systematise  the  existinq  idea  of  possible  mechani?;ms  of 
millimeter  waves'^  effects  on  the  tissues  and  human  functional 
state  with  the  help  of  noise  induced  transitions^  model. 
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•"‘INFORMATIONAL-ENTROPY  CONCEPTION  IN  ANALYSIS-'  AND  MODELLING  OF 
THE  MAIN  PROBLEMS  OF  THE  INTERACTION  BETWEEN  MILLIMETER  WAVES'^ 
AND  TISSUE;  STOCHASTIC  DIFFERENTIAL  EQUATIONS,  MARKOVIAN  AND 
DIFFUSIONAL  PROCESSES  AND  THEIR  TRAJECTORIES" 

Chovnjuk  Y.V.,  T.iurchaninova  L.I., 

Kiev  State  Technical  University  of  Construction  &  Architecture 
252040,  KIEV, P.O.BOX  34,  UKRAINE 

This  work  is  devoted  to  the  problems  of  treatment  of  the 
Tnillimeter  waves-'  interaction  with  a  tissue.  We  make  an  attempt 
to  sistematyse  the  existinq  ideas  of  possible  mechanisms  of^ 
extra  hiqh  frequencies  (EHF)  electromaqnetir  waves-'  effect  on 
the  man-'s  functional  state  with  the  help  of  the  informational-- 
entropy  conception  and  mathematical  modellinq  (stochastic  diffe¬ 
rential  equations,  Marcovian  and  diffusional  processes  and  their 
trajectories) . 
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PHENOMENOLOGICAL  ANALYSIS  OF  THE  MILLIMETER  WAVES-'  INTERACTION 
AND  ABSORPTION  BY  THE  BIOOBJECTS  WITH  CHIRAL  PROPERTIES:  MODELS-- 
FOR  THE  COMPLEX  D I  ELECTRICAL  PERMITTIVITY  &  VOLUME  MODEL-'S 

POLARIZATION" 

1 ' 2  2  2 
Chounjuk  Y.V.,  Ivanchenko  I. A.,  Sveshnicova  L.V. 

1 

Kiev  State  Technical  University  of  Construction  &  Architecture- 
252040,  KIEV,  P,.0, BOX  34,  UKRAINE  Hrcnitectuf  e 

?52033!S;^-A^INr^'^‘'^  ■■VIDHUK",Volodvn,yrska  str .  ,  61-b ,  KIEV, 

This  work  is  devoted  to  the  problems  of  phenomenoloqical 
analysis  and  treatment  of  millimeter  waves^  interaction  and  ab¬ 
sorption  by  the  bioobjects  with  chiral  properties. We  used  the  mo¬ 
dels  for  the  compleK  dielectrical  permittivity  and  volume  model-^ 
poiariHation. 
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THE  TTL  METHOD  APPLIED  TO  THE  FINLINE  COUPLER 


Humberto  C.  Chaves  Fernandes,  Sidney  Alexandre  P.  Silva  and  Luir  C.  dc  Freitas  Junior 
Department  of  Electrical  Engineering,  Technological  Center  PO  Box  1583 
Federal  University  of  Rio  Grande  do  Norte,  59072“970-NBtal-RN*BRAZTL 
Tel/Fax  +55  84  2153731  ,  E-tnail:  humbeccf@ncc.utrn.br 


ABSTRACT 

The  direct  and  concise  method  of  the  Transverse  Transmission  Line  (TTL)  is  applied 
for  the  unilateral  fin  line  coupler  asymmetric  in  the  plane-E  ,  with  semiconductor 
substrates.  The  effective  dielectric  constant,  the  attenuation  constant,  and  the 
characteristic  impedance  arc  developed.  Computer  programs  are  developed  in  FORTRAN 
77  language,  and  the  results  in  2-D  and  3-D  are  obtained  using  a  Pentium  microcomputer, 
of  the  effective  dielectric  constant  and  the  attenuation  constant,  with  parameters  such  as 
the  operating  frequency,  the  thickness  of  the  semiconductor  substrate  and  its  conductiN-ity, 
and  the  slots  widths  and  their  location.  These  results  are  compared  with  references  and  the 
agreement  is  quite  good.  News  results  arc  also  present. 
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Analysis  of  electromagnetic  waves  scattering  by  a  dielectric  cylinder 
in  rectangular  waveguide 

V.  Kalesinskas,  A.  Konstantinov,  V.  Shugurov 

Scattering  by  a  cylinder  of  any  radius  and  any  height  is  considered 
Electromagnetic  field  is  presented  by  eigenfimctions  of  the  dielectric  medium  and 
boundaiy  conditions  problem  is  solved  strictly.  The  algorithm  can  be  used  for 
measurement  puiposes  and  development  of  microwave  devices. 
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Generalized  Fourier  Series  Expansion  Method  for 
Determining  Vco  of  Elliptical  Optical  Waveguides 

y.H.Wang,  X.  Zhang 

Shanghai  Transmission  Lines  Research  Institute 
P.O.Box  437-833 
Shanghai,  200437 
P.R. China 

Abstract 


Separation  of  variables  is  applied  in  the  elliptical  coordinates  without  using  Mathieu  function 
Nui^rical  results  for  a/b=l.li«1000  salve  the  disputation  since  1979  about  the  disarrangement  of  Vco' 
and  demonstrate  the  availability  of  the  traditional  mode  classification. 
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Abstract 

Electron  cyclotron  heating  (ECH)  is  one  of  the  most  important 
schemes  for  heating  and  current  drive  on  ITER  (170  GHz)  and 
W7-X  (140  GHz).  High  unit  power  (1  MW  or  greater)  and 
high  efficiency  single-mode  continuous-wave  (CW)  gyro¬ 
trons  are  being  developed  in  order  to  reduce  significantly  the 
systems  costs.  Face-cooled  double-disk  sapphire  and  silicon 
nitride  windows  (FC-75  liquid  cooling),  cryogenically  edge- 
cooled  single-disk  sapphire  (liquid  nitrogen  (LNj),  liquid  neon 
(LNe)  or  liquid  helium  (LHe)  cooling)  and  silicon  (230  K 
refrigerator  cooling)  windows,  water-edge-cooled  single-disk 
CVD-diamond  windows  and  water  cooled  distributed 
windows  are  being  investigated  in  order  to  solve  the  window 
problem.  A  water-cooled  window  has  two  very  important 
advantages,  it  is  employing  a  cheap  and  effective  coolant  and 
it  is  compact  and  probably  more  reliable  than  other  solutions 
and  thus  can  also  easily  be  used  as  torus  window.  The  present 
paper  summarizes  the  development  status  of  high-power  mm- 
wave  windows  with  emphasis  on  CVD-diamond. 

Introduction 

ECH  is  one  of  the  major  candidates  for  heating,  current  drive 
(170  GHz,  50  MW,  CW)  and  start-up  (90  -  140  GHz,  3  MW, 
5s)  on  the  ITER  tokamak  [1,2]  and  will  be  the  main  start-up 
and  heating  scheme  on  the  stellarator  W7-X  (140  GHz, 
10  MW,  CW)  [2]  at  IPP  Greifswald,  Germany.  ECH  is  ex¬ 
tremely  attractive  from  a  fiision  reactor  engineering  point  of 
view,  offering  compact  launch  structures,  high  injected  power 
density  and  a  simple  interface  with  the  shield/blanket. 
Gyrotrons  with  an  output  power  of  at  least  1  MW  per  unit  are 
under  development  for  economical  use  of  such  heating 
systems.  The  requirement  of  CW  operation  results  in 
extremely  high  demands  on  the  material  properties  of  the 
dielectric  vacuum  barrier  windows  that  serve  as  both  the 
primary  tritium  containment  boundary  at  the  torus  and  as  the 
output  windows  of  the  gyrotrons.  The  former  application  is 
technically  more  demanding  because  a  torus  window  must 
withstand  a  static  0.5  MPa  pressure  during  off-normal  events 
for  safety  requirement.  It  should  use  a  fusion-reactor 
compatible  cooling  liquid  and,  in  addition,  its  performance, 
both  mechanical  and  mm-wave,  must  not  be  severely 
degraded  by  modest  neutron  and  y  irradiation. 

The  most  important  aspect  of  high-power  window  develop¬ 
ment  are  the  dielectric  characteristics  of  the  window  materials 
i.e,,  loss  factor  tanS  and  permittivity  because  they  affect 
power  absorption  and  reflection.  The  thickness  d  of  a  window 
disk  is  designed  so  that  the  power  reflection  is  minimized: 


d  =  NX/(28V'^),  where  N  is  an  integer  and  X  is  the  free-space 
wavelength.  It  is  evident  that  a  temperature  dependence  of  z\ 
complicates  the  choice  of  d  and  fliat  once  d  is  fixed,  maximum 
transmission  occurs  at  the  series  of  frequencies  fj  for  which 
NiXi=2dEV*^  (multi-passband  window).  Possible  solutions  for 
broadband  windows  are  multi-layer  windows  (variation  of 
permittivity  for  "anti-reflection  coating")  or  "moth-eye-type" 
windows  providing  a  tapering  of  the  permittivity.  However, 
the  ultimate  solution  for  an  ultra  broadband  window  is  the 
Brewster  window.  The  Brewster  angle  for  reflection-free 
broadband  transmission  of  linearly  polarized  mm-waves 
through  a  window  disk  is  given  by  ©Brewster  =  arctan 

Types  of  High-Power  Windows 

Four  general  classes  of  high-power  long-pulse  capable 
windows  are  being  developed:  distributed,  liquid-edge-cooled 
and  gas-surface-cooled  single-disk,  and  liquid-surface-cooled 
double-disk  [3,4].  A  variety  of  low  loss-tangent  dielectric 
materials,  i.e.  boron  nitride,  silicon  nitride,  sapphire,  Au- 
doped  silicon  and  CVD  diamond,  are  either  in  use  or  under 
active  development  [3]. 

The  distributed  window  consists  of  a  planar  slotted  structure 
of  alternating  thin  bars  of  dielectric  material  between 
microchannel  cooled  metal  ribs.  Disadvantages  are  its 
complicated  and  expensive  mechanical  structure  due  to  the 
large  number  of  window  elements,  the  high  losses,  the  danger 
of  arcing,  even  in  an  evacuated  waveguide  and  that  it 
transmits  a  single  polarization.  Ciyogenically  edge-cooled 
single-disk  windows  are  an  attractive  option.  For  a  number  of 
materials  including  sapphire,  it  is  found  that  the  thermal 
conductivity  increases  and  the  loss  tangent  decreases  as  the 
temperature  is  reduced.  Operating  points  are  usually  found 
between  LHe  and  LNj  temperatures,  depending  on  material. 
The  advantages  of  this  type  of  window  are  that  they  are  low 
loss  and  generally  not  polarization  dependent.  Disadvantages 
are  that  they  are  large  (use  of  cryogens  implies  dewars  and 
insulation  surrounding  them),  the  operating  point  is  subject  to 
thermal  runaway  and  they  must  be  prevented  by  a  cold  trap 
from  cryo-pumping  of  the  dust  in  the  antenna  waveguide. 
Liquid-surface-cooled  double-disk  windows  have  the 
disadvantages  that  two  disks  are  required  per  barrier,  instead 
of  one  as  in  the  above  concepts,  and  the  use  of  dielectric  fluids 
whose  properties  generally  conflict  with  safety  requirements 
(free  fluorine  readily  reacts  with  tritium,  decanes  are 
flammable,  etc.).  Use  as  a  torus  window  is  thus  excluded. 
Several  methods  exist  for  increasing  the  power  capability  of 


Table  1:  Experimental  parameters  of  present  high-power  mm-wave  vacuum  windows  [3] 


Material 

Type 

water-free 
fused  silica 

single  disk 
inertially  cooled 

boron  nitride 

single  disk 
water  edge  cooled 

silicon  nitride 

single  disk 
gas  face  and  water 
edge  cooled 

sapphire 

single  disk 

LN2  edge  cooled 

sapphire 

single  disk 

LHe  edge  cooled 

sapphire 

double  disk 

FC75  face  cooled 

sapphire 

distributed 
water  cooled 

diamond 

single  disk 
water  edge  cooled 

Power 

(kW) 


Frequency 

(GHz) 


60 


200* 


300** 

50 

110 


Pulse 
Length  (s) 


5.0 


Institution 


UKAEA/Culham 


GYCOM  (TORIY) 
GYCOM  (TORIY) 


NIFS/CPI 


CEA/CRPP/FZIGTTE 

lAP/INFK 

FZK/IAP/IPF/IPP 

FZK/IAP/IPF/IPP 


JAERLTOSHIBA 

JAERI/GA 


CPI 

NIFS/CPI 

CPI 

JAERI/TOSHIBA 

CPI 

JAERFTOSHIBA 


GA/JAERI 

GA/CPI 


CPI/FOM 

CPI/FOM 

JAERI/FZK 


and  **  indicates  that  the  power  corresponds  to  that  of  a  I  MW  (*)  and  0.8  MW  (**)HE„  mode 


the  window  without  fundamentally  altering  the  design.  One  is 
by  optimizing  the  beam  profile.  Flat,  non-Gaussian  profiles 
increase  the  power  handling  capability  by  as  much  as  50  %, 
and  annular  profiles  by  as  much  as  100  %.  The  disadvantage 
of  these  methods  is  that  they  require  the  use  of  waveguide 
mode  converters  or  non-quadratic  profile  mode-converting 
mirrors.  Alternatively,  high-aspect-ratio  elliptical  (or  rectan¬ 
gular)  windows  can  be  used  to  reduce  the  thermal  path  length 
in  one  dimension.  However,  unless  the  transmission  remains 
in  an  elliptical  (or  rectangular)  guide,  rather  long  mode 
converters  or  profile-transforming  mirrors  are  required. 

Present  State-of-the-Art 

The  present  experimental  development  status  of  high-power 
mm-wave  windows  is  summarized  in  Table  1.  As  can  be  seen, 
no  windows  for  CW  application  at  the  MW  power  level  have 
been  tested  up  to  now. 

Material  Selection  and  Options  for  1  MW,  CW 

In  order  to  define  the  appropriate  concepts  for  the  develop¬ 
ment  of  1  MW,  CW  mm-wave  windows  one  has  to  compare 
the  thermophysical,  mechanical  and  dielectrical  parameters  of 
possible  window  materials  related  to  the  load-failure  re¬ 
sistance  R*  and  the  power-transmission  capacity  at  different 
temperatures  [3],  T^e  comparison  of  R*  and  Pj  for  the  three 
materials  BN,  SijN^  and  sapphire  clearly  shows  that  there  is  no 
chance  to  use  these  dielectrics  in  an  edge-cooled,  single-disk 
window  at  room  temperatures.  Experiments  at  CPI  in  the  US 


and  NIFS  and  JAERI  in  JA  confirmed  that  even  a  double-disk 
FC75-face-cooled  sapphire  window  has  a  CW-power  limit  of 
around  0.3-0.4  MW. 

Using  the  available  material  parameters  and  employing  va¬ 
rious  beam  profiles,  finite  element  computations  revealed  the 
options  for  170  GHz,  1  MW,  CW  operation  given  in  Table  2 
[3],  Options  1  to  3,  being  water  cooled,  are  preferred  for  their 
simplicity,  in  particular  for  use  as  a  torus  window.  Irradiation 
tests  with  neutrons  (3-10^®-10^’  n/m^)  and  y-rays  (0.75  Gy/s) 
show  no  change  of  the  loss  tangent  and  permittivity  of  C VD- 
diamond,  sapphire  and  high-resistivity  (ffil)  silicon  [3,5]. 

The  ITER  partners  distributed  the  R&D  for  a  1  MW,  CW 
ECH  window  among  themselves  in  the  following  way: 

(a)  water-cooled  distributed  sapphire  window  (US) 

(b)  water-edge-cooled  diamond  window  (EU,  JA) 

(c)  230  K-cryo-cooled  Au-doped  silicon  window  (RF) 

(d)  LNe-  or  LHe-cryo-cooled  sapphire  window  (EU,JA,RF). 

CVD-Diamond  Windows 
As  a  potential  new  material  for  simple  water-edge-cooled 
single-disk  windows,  diamond  is  attractive  due  to  its  good 
mechanical  properties,  modest  dielectric  constant,  relatively 
low  loss  and  excellent  thermal  conductivity.  The  temperature 
dependence  of  the  loss  tangent  of  CVD-diamond  (DeBeers, 
diameter  =  40  mm,  thickness  =1.1  mm)  at  145  GHz  is  pre¬ 
sented  in  Fig.  1  together  with  sapphire  (HEMEX  grade)  and 
Au-doped  HR-silicon.  Current  CVD  capabilities  have  allowed 
for  tests  with  diamond  disks  of  up  to  100  mm  diameter  and 


Table  2:  Options  for  1  MW,  CW,  170  GHz  ECH  Windows  [3] 


Material 

Type 

RF-Profile 

Cross-Section 

Cooling 

Sapphire/ 

Metal 

distributed 

flattened 

Gaussian 

rectangular 
(100x100  mm") 

internally  water  cooled  (300  K) 
tan5  =  2-5  •  10-^,  k  =  40  W/mK 

Diamond 

single  disk 

Gaussian 

circular 
(0  =  80  mm) 

water  edge  cooled  (300  K) 
tanS  =  2  •  10■^  k  =  1900  W/mK 

Diamond 

Brewster 

Gaussian 

water  edge  cooled  (300  K) 
tan8  =  2  •  10-’,  k  =  1900  W/mK 

Silicon 

Au-doped 

single  disk 

Gaussian 

circular 
(0  =  80  mm) 

edge  cooled  (230  K), 

tan5  =  2.5  ■  lO'’,  k  =  230  W/mK 

Silicon 

Au-doped 

single  disk 

Gaussian 

circular 
(0  =  80  mm) 

LNj  edge  cooled  (77  K) 

tan5  =  4  •  lO-*,  k  =  1500  W/mK 

Sapphire 

single  disk 

flattened 

Gaussian 

elliptical 
(285  X  35  mm^) 

LNj  edge  cooled  (77  K) 

tan5  =  6.7  •  10-®,  k  =  1000  W/mK 

Sapphire 

single  disk 

Gaussian 

circular 
(0  =  80  mm) 

LNe  or  LHe  edge  cooled  (27  K) 
tan8  =  1 .9  •  10-*,  k  =  2000  W/mK 

Note  that  the  power  capability  of  options  ®,®,®  and  ®  is  even  2  i 


2.5  mm  thickness.  In  the  temperature  range  200-370  K  the 
loss  tangent  and  the  permittivity  of  diamond  are  nearly 
constant  [5].  This  is  not  the  case  for  sapphire  and  silicon.  The 
frequency  dependence  of  the  loss  tangent  of  sapphire, 
diamond  and  silicon  is  proportional  to  f,  1/f*^  and  1/f,  so  that 
the  absorbed  power  is  proportional  to  f*^  and  constant, 
respectively.  The  loss  tangent  values  of  the  large  diameter 
CVD-diamond  disks  are  approximately  lO"^  (5*10‘^  for  0.6  mm 
thickness)  with  a  tendency  to  decrease,  so  that  we  consider  a 
value  of  around  2  -10“^  as  feasible.  Manufacturers  (DeBeers) 
claim  that  they  also  can  produce  disks  with  up  to  160  mm 
diameter  which  could  be  used  as  Brewster  windows. 

In  order  to  validate  the  low-power  loss  tangent  measurements 
on  large-size  CVD-diamond  disks,  a  first  series  of  experi¬ 
ments  using  a  170  GHz,  0.2  MW,  10  s  JAERI/Toshiba  gyro- 
tron  have  been  performed  [6].  The  dielectric  loss  tangent  has 
been  determined  to  be  tan5=1.3-10'^  which  is  in  good  agree¬ 
ment  with  the  low  power  value.  By  comparing  the 
experimental  results  with  numerical  simulations  the  thermal 
conductivity  was  estimated  to  be  about  k«1800  W/mK.  Finite 
element  calculations  showed  that  the  peak  temperatures  for 
CVD-diamond  disks  with  a  wide  range  of  tan5  and  ratio  of 
window  aperture  to  disk  diameter  are  acceptable  (central 
temperature  below  300°C).  The  window  disk  in  corrugated 
HE, I  wave-guide  with  57.5  mm  inner  diameter  should  have  an 
outer  diameter  of  approximately  85-90  mm.  In  collaboration 
with  the  DeBeers  Company,  FZK  is  performing  metallization 
and  brazing  tests  on  cheap  (gray)  diamond  samples  with  up  to 
100  mm  diameter  and  1  mm  thickness.  Thermomechanical 
cycling  at  temperatures  up  to  450  ®C  did  not  lead  to  diffusion 
degradation  of  the  brazing  and  no  leaks  occured.  Finite 
element  stress  calculations  including  brazing/  bonding  stress 
show  that  the  maximum  principal  stress  is  located  at  the 
window  brazing  (205  MPa)  and  is  always  present.  During  a 
0.5  MPa  overpressure  event  the  stress  increases  to  290  MPa 
and  the  transmission  of  1  MW  micro-wave  power  finally 
increases  the  stress  to  300  MPa.  All  these  stress  values  are 
upper  limits  since  a  rigid  connection  between  brazing  collar 
and  window  disk  was  assumed.  Because  the  ultimate  bending 


strength  of  CVD  diamond  is  600-900  MPa  all  stresses  are  well 
below  the  admissible  limits. 


100  200  300 


T[K] 

PACVD-Diamond  Sapphire  HR  Silicon 

(DB#580126)  (HEMEX  grade)  (Au  doped) 

A  •  ■ 

Fig.  1:  Temperature  dependence  of  tan5  at  145  GHz  [3] 
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Abstract 

This  paper  describes  the  status  of  tlie  development  of  a 
novel,  70  kV  electron  gun  to  generate  an  axis-encircling  beam 
with  low  axial  velocity  spread  (<  5%).  The  gun  is  almost  built 
and  has  applications  for  gyrotron  and  peniotron  experiments  at 
several  laboratories  in  the  United  States. 

Introduction 

In  contrast  to  the  high  power  gyrotron,  which  uses  tlie 
MIG  gun,  some  moderate  power  gyrotron-type  devices  require 
an  axis  encircling  electron  beam.  These  devices  include 
harmonic  gyrotrons  and  peniotrons  and  require  substantially  less 
magnetic  field.  For  such  devices  to  become  practical,  it  is 
necessaiy  to  develop  a  gun  to  generate  a  high  quality,  axis- 
encircling  beam  with  low  velocity  spread.  TTie  main  design  goals 
of  the  gun  under  development  are:  beam  current  =  3.5  A,  witli 
70  kV  beam  voltage,  magnetic  focusing  field  =  6.5  kG,  beam 
alpha  (a)  (transverse  to  axial  velocity  ratio)  =  1 .5,  beam  ripple 
less  than  ±10%,  and  axial  velocity  spread  <  5%. 

Another  goal  is  to  retain  the  simplicity  of  tlie  Nortlirop 
Grumman  novel  gun  concept[2]  where  possible.  The  traditional 
approach  to  generate  an  axis  encircling  beam  is  to  form  a 
hollow,  nonrotating  beam  in  a  convergent  Pierce  gun  with  a 
spherical,  annular  cathode,  with  the  magnetic  field  being  shaped 
so  that  the  field  lines  follow  the  beam  trajectory .  A  field  reversal 
then  causes  the  beam  to  rotate  at  the  cyclotron  frequency,  but 
with  substantial  ripple.  Illustrated  in  Figure  1,  the  novel  gun,  a 
modification  to  the  traditional  approach,  is  able  to  generate  a 
rotating  hollow  beam  with  little  ripple,  since  the  beam  passes 
through  a  field  reversal  while  it  is  still  converging.  By  properly 
choosing  the  axial  location  for  the  field  reversal,  the 
convergence  of  the  beam  cancels  the  normal  shift  in  tlie  guiding 
center  experienced  when  passing  through  a  field  reversal. 


Fig.  1  Illustration  ofnovel  gun  approach 


However,  with  either  approach,  there  is  a  large 
transverse  velocity  spread  due  to  the  spread  in  cyclotron  radius, 
Ar,  from  the  inner  to  the  outer  beam  electrons.  The  relative 
velocity  spread  is  equal  to  Arfro,  where  ro  is  the  mean  beam 
radius.  By  conservation  of  kinetic  energy,  the  relative  axial 
velocity  spread  is  given  by  Av^v^  =  (Ar/v^a\  The  solution  to 
this  problem  is  to  reduce  the  magnetic  field  at  the  surface  of  the 
catliode,  so  that  the  outer  electrons  receive  the  same  transverse 
impulse  as  the  inner  electrons.  One  way  to  reduce  the  magnetic 
field  at  tlie  cathode  is  to  divert  the  field  lines  away  from  the 
catliode  surface  by  placing  a  magnetic  ring  (floating  pole  piece) 
eitlier  around  tlie  outside  or  the  inside  of  the  cathode. 

Design 

The  computer  code,  NO  VGUN,  developed  at  Northrop 
Grumman,  was  used  to  obtain  preliminaiy  designs  for  the 
electron  gun  with  magnetics.  The  code  uses  simplifying 
assumptions,  and  quickly  calculates  electron  trajectories,  ripple 
and  velocity  spread.  Tlie  gun  electrodes  and  magnetic  pole  piece 
electrodes  were  varied  systematically  through  hundreds  of 
iterations  until  tlie  axial  velocity  spread  was  minimized  and  the 
ripple  was  reasonably  small.  Without  cathode  rings,  either  the 
velocity  spread  or  the  ripple  could  be  made  small  (under  5%), 
but  tlie  otlier  variable  would  be  very  large  (>  35%).  With  tlie 
catliode  rings,  tlie  inner  ring  had  little  effect  and  was  therefore 
eliminated,  but  the  outer  ring,  if  placed  correctly,  could  lead  to  a 
design  exhibiting  low  values  for  both  attributes.  The  best  design 
candidate  indicated  ±9%  ripple  and  3%  velocity  spread.  A 
tolerance  analysis  showed  that  pole  piece  dimensions  are  not 
critical.  Considering  the  field  reversal  pole  radius,  tlie  distance 
from  tlie  cathode  to  the  field  reversal  pole,  and  the  thickness  and 
radius  of  tlie  main  pole  piece,  each  value  could  be  varied  over  a 
range  of  no  less  than  4.3  mm  without  causing  the  velocity  spread 
to  increase  by  more  than  5%. 

After  completing  the  NOVGUN  design,  the  next  steps 
were:  1)  to  model  tlie  electrostatic  gun  design  by  tlie 
Hemnannsfeldt  code  and  fine  tune  it  to  provide  a  beam  with  the 
correct  perveance,  shape  and  position  with  good  laminarity,  2) 
to  model  tlie  magnetics  from  NOVGUN  by  MAXWELL,  3)  to 
adjust  the  currents  in  the  coils  until  MAXWELL  predicted  Ae 
same  on-axis  magnetic  field  shape,  4)  to  enter  the  fields  into  the 
Herrmannsfeldt  code  and  calculate  the  electron  trajectories,  and 
5)  to  iterate  tlie  pole  piece  dimensions  and  coil  currents  to 
achieve  low  velocity  spread  witli  reasonable  beam  ripple. 

Velocity  spread  was  decreased  to  4%  by  simply  shaping  the 


magnetic  cathcxie  ring  to  suppress  tlie  field  along  tlie  catliode. 
The  ring  had  to  be  the  same  as  tlie  outer  focus  electrode. 
Thermal  calculations  show  that  the  magnetic  material  will  be 
well  below  the  Curie  temperature  if  proper  shielding  is  used. 

After  these  simulations,  the  cathode  was  recessed 
0.005  inch  to  suppress  edge  emission,  beam  temperature  was 
included,  the  beam  temperature  was  increased  to  20,000®  K  to 
simulate  surface  roughness,  and  the  magnetic  properties  for  iron 
at  700®  C  (worse  case  scenario  close  to  Curie  temperature)  were 
entered  into  MAXWELL  for  tlie  cathode  ring.  Upon  introducing 
these  more  realistic  conditions  to  the  simulations,  the  axial 
velocity  spread  increased  only  to  5%.  The  beam  itself  looks  very 
good,  having  the  correct  size  and  velocity  ratio  (1.5).  Also  tlie 
beam  is  relatively  thin  and  free  of  ripple:  the  total  beam 
envelope  thickness,  including  ripple,  is  about  il0%.  Figure  2 
shows  the  electron  trajectories  and  magnetic  field  for  the  final 
design.  An  important  feature  of  this  gun  design  is  that  tlie 
velocity  ratio  can  easily  be  adjusted  (without  degrading  tlie 


focusing)  by  vaiying  the  current  on  the  gun  coil. 


Fig.  2  Herrmannsfeldt  plot  for  final  design 


Fig.  5  Mechanical  beam  tester  design  layout 


Fig.  6  Photograph  of  movable  probe  and  bellows 


Fig.  7  Photograph  of  gun  and  beam-tester  assembly 


Mechanical  Design  and  Fabrication 


The  gun  design  layout  is  shown  in  Figure  3.  Fabrica¬ 
tion  is  nearly  complete.  Figure  4  (left)  shows  a  photograph  of 
the  gun  assembly  (without  cathode).  To  test  the  gun,  a  beam 
tester,[3]  using  a  cerium  glass  scintillator  plate  to  fonn  an  image 
of  the  beam,  capacitive  probes,  and  a  retarded  field  analyzer  (to 
measure  the  average  axial  and  transverse  beam  velocities  as  well 


as  the  velocity  spreads)  has  been  designed  (Figure  5)  and  its 
construction  is  nearly  complete.  It  includes  an  optical  system  to 
view  the  beam  either  by  the  eye  or  on  a  monitor  and  to  print  a 
hard  copy  of  the  image.  Figures  4  (right),  6,  and  7  show 
photographs  of  the  capacitive  probes,  the  movable  probe  and 
bellows  assembly,  and  the  entire  gun  and  beam-tester  assembly. 


Fig.  3  Mechanical  gun  design  layout 


Conclusions 

The  design  of  a  low  velocity  spread  axis  encircling 
beam  electron  gun  has  been  completed,  and  simulations  indicate 
all  goal  specifications  being  met,  including  5%  axial  velocity 
spread.  Fabrication  of  tlie  gun  along  with  a  beam  tester  is  nearly 
complete,  and  test  results  (scaled  to  lower  voltage,  24  k  V) 
should  be  available  for  tlie  conference.  A  low  velocity  spread 
electron  gun  is  necessary  to  advance  from  achieving  proof  of 
principal  to  developing  practical  and  efficient  devices  such  as 
high  harmonic  gyrotrons  and  peniolrons.  After  successfiil 
testing  of  the  gun,  the  gun  will  be  tested  in  a  peniotron  oscillator 
with  a  ten-vane,  rising-sun  magnetron-type  waveguide  circuit. 

References 

1 .  Work  supported  in  part  by  NRL,  Contract  No. 

NOOO 1 4-94-C-2 1 94,  and  by  the  MURI  program  (subcontract 
through  the  University  of  California  -  Davis,  Prof  N.  C. 
Lulimann),  Main  Contract  No.  F49620-95- 1-0253. 

2  .  G.  Dohler,  D,  Gallaglier,  R.  Moats  and  F.  Scafiiri, 

‘  Recent  Peniotron  Results  at  45  GHz”  International  Electron 
Devices  Meeting  (lEDM)  Technical  Digest,  1 987,  pp  3 1 1  -3 1 4. 

3  .  D.  Gallagher,  J.  Richards,  F.  Scafiiri,  and  G.  Dohler, 
“Update  of  Harmonic  High  Power  95  GHz  Peniotron 
Development,”  Vacuum  Electronics  Annual  Review  Abstracts, 
May  1994,  pp.  3-65  to  3-71. 


Th4.1 


Gyro-Traveling-Wave  Tubes 
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High  power  and  broad  bandwidth  capability  of  the  gyrotron  in  the  millimeter  and  sub¬ 
millimeter  wavelength  range  makes  it  an  attractive  source  for  various  applications.  In 
particular,  the  gyrotron  traveling  wave  amplifier  is  a  promising  candidate  for  such 
applications  as  radar  and  electronic  counter  measures  which  require  broad  bandwidth.  In 
contrast  to  conventional  linear  beam  devices,  the  electron  beam  employed  in  the  gyrotron 
has  a  purposeful  transverse  motion  at  the  electron  cyclotron  frequency.  It  is  this  property 
that  allows  the  beam  to  selectively  interact  with  a  high  order  mode  at  a  high  cyclotron 
harmonic  by  properly  matching  the  resonance  conditions.  However,  the  extra  degree  of 
freedom  provided  by  the  multitude  of  cyclotron  harmonics  can  also  generate  numerous 
spurious  interactions.  Mode  competition  thus  constitutes  the  principal  physics  and 
technology  issues  common  to  high  power  and  high  harmonic  gyrotron  research  and 
development.  Studies  of  multi-mode  interaction  processes  under  various  conditions  have 
shed  much  light  on  the  physics  of  mode  competition  and  major  advances  in  high  power  and 
high  harmonic  gyrotrons  have  been  reported  by  our  colleagues  in  the  international 
community. 

In  this  talk,  we  report  two  aspects  of  the  gyro-TWT  research  and  development.  The  first 
is  a  series  of  theoretical  and  experimental  studies  at  the  National  Tsing  Hua  University 
which  investigates  the  interplay  between  the  absolute  instability,  circuit  losses,  reflective 
feedback,  and  the  amplifying  wave,  resulting  in  the  suppression  of  spurious  oscillations 
and  the  demonstration  of  a  high  power  (65  kW),  broadband  (10%),  and  high  gain  (50  db) 
Ka-band  gyro-TWT.  The  second  aspect  concerns  the  theoretical  investagation  of  a  novel 
type  of  harmonic  gyro-TWT  which  provides  frequency  multiplication  as  well  as  power 
amplication.  In  collaboration  with  the  University  of  Maryland  group,  we  analyze  physical 
properties  of  importance  to  the  harmonic  multiplying  gyro-TWT.  It  is  shown  that 
interference  from  lower  harmonic  perturbations  can  significantly  affect  the  interaction 
efficiency.  The  power/gain  scaling  and  the  phase  relation  between  the  drive  and  output 
waves  are  found 
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Abstract 

The  Cyclotron  Resonance  Maser  interaction  has  been 
studied  for  a  long  system  with  axial  nonuniformity  (the 
beam  tunnel),  approximated  by  constant  gradients.  The 
single-particle  response  of  the  beam  has  been  found  to 
depend  on  two  gain  functions  in  two  natural  variables,  with 
behavior  similar  to  the  standard  results  of  the  uniform  case. 
An  exhaustive  search  in  the  two  variables  has  identified  the 
conditions  of  maximum  gain  and  an  approximation  has 
been  obtained  for  the  starting  current. 

1.  Introduction 

In  a  gyrotron  beam  tunnel,  the  increasing  magnetostatic 
field  (hence  the  relativistic  gyrofrequency  can  be 

compensated  both  by  the  decreasing  parallel  velocity  v/z) 
and  the  decreasing  axial  wavenumber  k(z)  (as  the  tunnel 
converges),  the  result  being  that  the  resonance  condition 
it^Zl/d+kv^  can  be  maintained  over  respectable  axial 
distances.  This  potentially  causes  a  premature  excitation  of 
the  cyclotron  resonance  interaction  inside  the  beam  tunnel 
(rather  than  in  the  gyrotron  cavity),  with  consequences  as 
regards  the  beam  quality  and  the  performance  of  the 
system.  This  has  been  possibly  the  case  in  the  quasi-optical 
gyrotron  of  CRPP  and  the  observation  of  accompanying 
parasitic  oscillations  [1],  In  addition,  it  has  been  found  [2] 
that  the  beam  tunnel  can  support  propagating  modes,  which 
are  largely  unaffected  by  the  presence  of  the  absorbing 
dielectric  material  inside  the  corrugations. 

In  order  to  obtain  background  information,  useful  for  the 
design  of  a  gyrotron  beam  tunnel,  we  have  studied  the 
cyclotron  resonance  maser  interaction  in  a  system,  in  which 
all  quantities  of  relevance  are  approximated  by  linear 
functions  in  the  axial  distance  z.  Since  the  typical  beam 
tunnel  is  rather  long,  a  decomposition  of  any  oscillation  into 
a  forward  (resonant)  and  a  backward  (nonresonant)  wave  is 
possible,  while  at  the  radial  position  of  any  element  of  the 
monoenergetic  annular  beam  the  wave  fields  can  be  locally 
decomposed  into  two  counter-rotating  circular  polariza¬ 
tions,  of  which  only  one  is  resonant  with  the  electrons. 
Expecting  low-gain  conditions  to  prevail,  the  linear  (small- 
signal)  analysis  is  performed  in  Sec.  2,  where  the  electrons 
are  treated  as  test  particles,  whose  trajectories  are  integrated 
up  to  the  second  order  in  the  wave-field  amplitude.  This 
process  identifies  the  natural  dimensionless  parameters  of 


the  interaction  (length  x  and  frequency  mis-match  A,  both 
normalized  to  the  nonuniformity).  In  Sec.  3  the  ensemble 
average  over  the  electron  beam  distribution  is  performed,  to 
give  the  beam  response,  expressed  by  the  linear  (small- 
signal)  efficiency.  This  is  expressed  in  terms  of  two 
resonance  functions  Fj  and  F2,  both  of  which  depend  on  the 
quantities  A  and  x.  Finally,  in  Sec.  4  the  frequency  mis¬ 
match  parameter  is  scanned  to  identify  the  conditions  of 
highest  linear  gain  and  the  equation  for  energy  conservation 
is  used  to  give  the  starting  current  for  the  (undesired) 
growth  of  the  cyclotron  resonance  maser  inside  the 
nonuniform  beam  tunnel. 

2.  Electron  trajectories 

According  to  the  model  described  in  Sec.  1,  the  variation 
with  the  normalized  axial  distance  ce^uz/c  of  the  axial 
magnetostatic  field  B,  the  refractive  index  n=kc/u  and  the 
normalized  wave-field  amplitude  E-eE(/mcuat  the  electron 
position  is  taken  to  be 

{l+dcE),  n(^^)=n  (1+fl  ^E)  and  E(c^=E (l+d 

01  0  2  0  3 

the  latter  giving  the  fields  felt  by  each  electron  as 

cos(^)  +  iy  sin(^9) j ,  Ej^=(k/  0))i^  x 

The  dynamics  of  the  electrons  are  described  in  terms  of  the 
polar  components  of  the  dimensionless  momentum  (m^,  e+n, 

u )  and  the  relativistic  factor  d  On  the  assumption  of  a  weak 
field  amplitude,  each  of  these  quantities  is  assumed  to  be 
described  by  an  expansion  of  the  type  d^a\a\...  where 
a”^o=£”.  Introducing  such  expansion  in  the  equations  of 
motion  yields  at  first  the  trajectories  to  zero  order  in  the 
wave  field  amplitude,  which  describe  simply  adiabatic 
cyclotron  motion.  Of  particular  mention  is  the  zero-order 

expression  for  the  phase  angle,  .0^®^  =00  +  40^+4^^ , 
where  the  linear  term  involves  the  frequency  mismatch 

while  the  quadratic  term 

/  2  2  ^ 

yp^io  ^0  o  .  ^0  o 

4m^  Acoul)  J  '  2  ^ 

involves  a  weighted  balance  of  the  gradients  of  B  and  k. 
Consequences  of  this  term  are  (a)  the  appearance  of  Fresnel 
integrals  5  and  C  in  the  terms  of  order  one  or  higher  and  (b) 


the  associated  introduction  of  the  natural  parameters  x  and 
A,  which  are  defined  by 

a  =  ^{1!  k)\A^  ,  A  =  (Aq /^)sgn(Aj)  and  x=-a(t 

and  represent  the  dimensionless  distance  and  frequency 
mis-match.  By  subsequent  integrations  the  expressions  are 
obtained  for  the  corrections  to  first  and  second  order.  These 
expressions  are  too  lengthy  to  be  presented  here. 


3.  Small-signal  efficiency 

In  the  expressions  obtained  in  the  previous  section  and  for 
our  model  of  a  thin  annular  monoenergetic  beam,  individual 
electrons  are  distinguished  by  the  initial  value  of  the 
relative  phase  angle  and  (when  the  azimuthal  index  is 

m^O)  the  value  of  the  field  amplitude  felt  by  each  electron, 
hence  the  normalized  quantity  E.  Performing  to  the  second- 
order  energy  a  an  average  over  these  quantities  yields  the 
small-signal  efficiency  of  the  interaction, 


ZM|Q 

where  the  gain  functions  Fj  and  F2  are  given  by 


Fi(x,  A)  =  +  A)  -  5(  A)f  +  [C(x  +  A)  -  C(  A)f  } 

and  dF2  =  dFj/dA,  while  Sj  =  2^u^^Q-nQ[2-\-(u^f/u^Q)  ]  and 
S2-ll-nf/u^^Q(a-il/u)](uj/u^\Q)  ,  These  functions  represent 
the  extension  to  a  nonuniform  system  of  the  corresponding 
functions  in  a  system  with  no  axial  gradients.  In  particular, 
it  can  be  immediately  seen  that  -Fj  is  always  negative, 
representing  a  stabilizing  term,  while  F2  may  be  positive, 
thus  producing  instability.  Their  variation  is  seen  in  the 
following  figure,  which  gives  Fy  and  F2  as  functions  of  A 
for  x=2  and  x=5. 
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For  values  up  to  x^3  both  functions  behave  largely  similar 
to  the  uniform  case.  Beyond  x-3  the  function  F;  is 
characterized  by  a  broad  positive  plateau,  while  F2  by 
spikes,  competing  for  the  overall  maximum.  Both  functions 
attain  there  substantially  smaller  values  than  when 


4.  Starting  current 

The  efficiency  obtained  in  the  previous  section  can  be  used 
in  the  energy  equation,  dWen/dt^^^flbyb'i^QWem-  Requiring 
that  dWefr/dt<0  and  since  both  pand  are  proportional  to 
gives  the  starting  current,  as  function  of  the  two  natural 
parameters  x  and  A.  Since  typically  the  frequency  spectrum 
of  the  beam  tunnel  is  very  dense  and  in  addition  the 
location  of  the  F2-maxima  is  a  very  sensitive  function  of  the 
design  parameters,  it  does  not  appear  to  be  practical  to 
select  design  parameters,  which  avoid  the  potentially 
unstable  regime  (the  values  of  A  for  which  F2>0).  A  safer 
procedure  is  to  require,  that  the  system  be  stable  for  any 
value  of  the  frequency  mis-match,  hence  of  A.  Scanning  the 
curves  F;  and  F2  over  A,  gives  the  maxima  independently 
for  each  function,  as  is  shown  in  the  following  figure. 


Of  course,  the  maximum  of  the  efficiency  p  depends  also  on 
the  coefficient  to  F2.  However,  for  values  x>3  of  the  natural 
length  it  has  been  observed  that  at  the  spikes  of  F2max  the 
corresponding  value  is  Fj~0.5Fj„ax-  Furthermore,  for  x>3 
one  can  use  simple  inverse-power  approximations  for  Fj„ax 
and  F2max  giving  the  final  result  for  the  starting  current  4 

QKIs,  =  680A[2/(l  +  d^o)](ii/cfVa\^^o/(-0.38Sj+0.44S/a) 

where  the  quality  factor  Q  and  the  coupling  coefficient 
K(-doEo^V/2Wem)  depend  only  on  the  resonant  propagating 
mode  of  the  beam  tunnel  and  can  be  obtained  e.g.  using  the 
procedure  of  [2].  This  equation  (which  is  applicable  only 
when  x>3)  brings  out  the  significance  of  axial  gradients  in 
suppressing  the  cyclotron  resonance  interaction:  It  indicates 
a  starting  current  proportional  to  a  ,  that  is,  to  the  gradient, 
while  in  addition  the  unstable  effects  are  also  reduced  by  a 
factor  a,  that  is  the  square  root  of  the  gradient. 

[1]  M.  Pedrozzi,  These  No.  1608,  Ecole  Polytechnique 
Federale  de  Lausanne  (1997). 

[2]  1.  G.  Tigelis,  J.  L.  Vomvoridis  and  S.  Tzima,  paper 
#1 18,  this  conference  (1997). 

*Work  supported  in  part  by  the  Fusion  Programme  of  the 
European  Union  under  contract  ERB  5004  CT  96  0060. 
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Abstract 

The  equilibrium  distribution  of  an  electron  beam  is  studied 
in  a  periodically  corrugated  beam  tunnel  with  dielectric 
rings.  The  Poisson  and  beam  equations  are  solved  in  terms 
of  the  Fourier  components  of  the  relevant  quantities. 
Superposition  is  applied  to  reduce  the  number  of  unknown 
coefficients.  The  system  is  solved  numerically,  to  give  the 
amplitude  of  the  density  and  energy  modulations. 

1.  Introduction 

In  a  gyrotron  beam  tunnel,  the  use  of  alternating  dielectric 
and  conducting  rings  may  introduce  modulations  in  the 
electrostatic  potential,  as  well  as  the  energy,  velocity  and 
density  of  the  electron  beam.  These  modulations  may  (a) 
shift  the  threshold  for  beam  penetration  through  the  beam 
tunnel,  possibly  resulting  in  the  reflection  or  trapping  of 
electrons,  (b)  increase  the  energy  spread,  during  transition 
from  laminar  to  turbulent  flow,  and  (c)  develop  some 
parametric  instability,  due  to  plasma  frequency  modulation. 

To  study  these  effects,  in  Sec.  2  all  quantities  of  relevance 
are  expanded  in  Fourier  series,  with  the  coefficients 
interrelated  by  the  appropriate  conservation  laws.  In  order 
to  avoid  two  interfaces  in  Laplace’s  equation,  superposition 
is  used,  reducing  the  number  of  coefficients  needed  for  the 
electrostatic  potential  by  a  factor  of  two.  The  system  of 
equations  is  solved  in  Secs.  3  and  4,  to  obtain  the 
dependence  on  the  beam  current  in  a  uniform  and  a  mildly 
nonuniform  system,  respectively. 

2.  Formulation 

In  a  periodically  corrugated  system,  but  otherwise  uniform 
along  the  axis  (or,  in  the  sense  of  a  WKB  approximation, 
with  mild  axial  variations),  the  periodicity  of  length  L 
allows  for  the  surface  charge  density  6,  the  normalized 
parallel  velocity  the  relativistic  factor  a  to  be 

represented  by  Fourier  series,  with  coefficients  interrelated 
by  the  law  of  continuity  (involving  the  beam  current  /),  the 
conservation  of  energy  (involving  the  total  energy 
(drefl)mc^)  and  the  definition  of  a  The  fourth  equation  is 
Laplace’s  equation  for  the  electrostatic  potential  O,  along 
with  the  standard  boundary  (0=0  at  conductor,  definite  on 
axis)  and  interface  conditions  (aO=0  and  a(  t0cy9r)=O  at  the 


dielectric-vacuum  interface  at  r=a  and  dd=0  and 
d(dC^r)=‘^do  across  the  electron  beam  at  r=r^). 

Two  intermediate  interfaces  normally  require  partitioning 
of  the  system  in  three  regions,  with  result  a  large  number  of 
Fourier  coefficients  to  be  determined.  This  can  be  avoided 
by  using  superposition,  0=0;+ (%.  The  term  O;  is  the 
solution  in  the  presence  the  electron  beam  at  r-r^,  when  at 
the  radius  at  r-a  there  is  a  conducting  wall,  and  its  Fourier 
coefficients  can  be  obtained  in  closed  form  (in  terms  of  the 
coefficients  of  the  surface  density  6),  The  term  62  is 
therefore  fully  continuous  at  r=r/„  thus  V^O2=0  requires 
partitioning  in  two  regions  only.  Although  the  interface 
conditions  for  O2  at  r=a  are  somewhat  more  complicated 
(involving  dOj/dr  too),  this  procedure  reduces  the  number 
of  unknown  expansion  coefficients  by  a  factor  of  two, 

3.  Modulation  of  a  beam  in  a  uniform  system 

The  system  of  equations  outlined  in  Sec.  2  is  first  solved  for 
the  constant  terms.  The  dependence  on  the  current  is  shown 
in  the  following  figures,  for  a  pitch-angle  ratio  a=2  and 
permittivity  d-S,  with  ^^y-ranging  from  LIO  to  7.25. 


A  clear  cut-off  current  is  indicated  in  these  figures,  by  the 
very  steep  variation  of  the  unmodulated  parameters.  At 
current  cut-off  the  beam  is  reflected  and  the  analysis 
breaks-down.  The  relative  amplitude  of  the  first  harmonic  is 
a  decreasing  function  of  the  current  for  the  electrostatic 
potential  and  an  increasing  one  for  the  surface  charge 
density,  as  is  seen  in  the  next  figure. 


I  (A) 


It  is  also  seen  that  although  the  fractional  fluctuation  levels 
depend  on  the  electron  energy,  their  minimum  and 
maximum  values  occurring  at  cut-off  current,  are 
independent  of  the  electron  energy  but  depend  only  on  the 
geometry  of  the  system  and  the  dielectric  constant  of  the 
absorbing  material. 

4.  Modulations  in  a  nonuniform  system 

The  additional  equation  in  the  case  of  a  nonuniform  system 
is  the  conservation  of  the  electron  magnetic  moment.  The 
variation  of  the  equilibrium  parameters  and  of  the  relative 
amplitude  of  the  modulations  along  the  axis  of  a  converging 
system  with  B(z-l)/B(z-0)=16/9  is  illustrated  in  the  next 
figure,  for  dref=L2^  I-20A  and  with  the  pitch  angle  ratio 
ranging  from  d=0.9  to  1.4,  It  is  seen  that  electron  beams 
with  sufficiently  low  initial  pitch-angle  ratios  could  always 
pass  through  the  channel,  with  the  maximum  transmitted 
initial  pitch-angle  ratio  decreasing  with  the  current  (for 
/=20A  transmission  is  allowed  up  to  d=Ll)\  otherwise  the 
beam  is  reflected  somewhere  inside  the  channel. 


*Work  supported  in  part  by  the  Fusion  Programme  of  the 
European  Union  under  contract  ERB  5004  CT  96  0060. 
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Abstract 

A  numerical  code  (HYBRID)  is  developed  to  calculate  the 
dispersion  relation,  the  electro-magnetic  field  components 
and  the  quality  factor  of  a  dielectrically  loaded  periodically 
corrugated  gyrotron  beam  tunnel.  The  results  are 
interpreted  as  the  result  of  coupling  between  cavity  and 
waveguide  modes. 

1.  Introduction 

In  order  to  obtain  information  on  beam-wave  interactions 
potentially  taking  place  inside  a  gyrotron  beam  tunnel,  the 
information  typically  needed  includes  at  first  the  dispersion 
relation  v(k),  in  order  to  identify  possible  resonances  with 
the  electron  beam,  and  subsequently,  for  the  resonances 
identified,  the  quality  factor  Q  and  the  field  structure,  in 
order  to  assess  the  coupling  to  the  electron  beam.  In  Sec.2 
the  Floquet  theorem  is  used  to  express  the  fields  in  the 
vacuum  region  and  an  eigenfunction  expansion  is  employed 
in  each  dielectric  indentation.  The  boundary  conditions  at 
the  interface  lead  to  a  linear  system  of  equations,  which  is 
appropriately  truncated  for  the  numerical  implementation  of 
Sec.3.  From  the  discussion  of  the  sample  results  in  Sec.  4, 
the  behavior  reveals  a  coupling  between  strongly  damped 
cavity  modes  (controlled  almost  exclusively  by  the 
geometry  of  the  corrugations)  and  propagating  waveguide 
modes  (dependent  only  on  the  inner  diameter  of  the  tunnel), 
largely  unaffected  by  the  presence  of  the  lossy  dielectric. 

2.  Analysis 

In  a  gyrotron  beam  tunnel,  because  of  its  length,  the  precise 
type  of  boundary  conditions  at  its  ends  is  of  no  particular 
significance.  Thus,  in  view  of  the  periodicity,  Floquet’ s 
theorem  can  be  used.  In  addition,  the  axial  variation  is  mild 
enough  to  permit  a  quasi-adiabatic  WKB  approximation. 

Accordingly,  following  standard  procedures,  the  axial  field 
components  and  in  the  inner  (vacuum)  region  (with 
axial  periodicity  L)  are  expressed  as  sums  of  Bloch 
components,  each  with  variation  cxp\j(md-k„z)],  multiplied 
by  the  appropriate  Bessel  function  or  /„,  with  kn= 
k^2dn/L.  Similarly,  in  each  dielectric  ring  (with  width  b) 
the  same  field  components  are  expressed  as  trigonometric 
series  of  cos(lM>),  or  sin(/<3k&),  multiplied  by  cxp\jmo\  and 


the  appropriate  linear  combinations  of  Bessel  functions  (to 
satisfy  the  required  boundary  conditions  at  the  outer 
radius).The  transverse  fields  in  either  region  are  then 
expressed  as  sums  involving  the  derivatives  of  and  as 
dictated  by  Maxwell’s  equations. 

Thus,  all  field  components  are  described  in  terms  of  infinite 
sums,  with  the  coefficients  to  be  specified.  The  last  step  is 
to  apply  the  orthogonality  of  cxp(~jknz)  in  0<z<L  to  the 
continuity  conditions  for  E^  and  E^  and  of  cos(lMf)  and 
sm(lM?)  in  0<z<b  to  the  continuity  of  and  yields  an 
infinite  linear  system  in  the  expansion  coefficients.  The 
vanishing  of  the  determinant  gives  the  dispersion  relation 
D(Uyk)-0y  and  subsequently  the  linear  system  is  solved  to 
give  all  coefficients  in  terms  of  one,  thus  constructing  all 
field  components  in  each  region. 

3.  Numerical  Implementation 

For  its  numerical  implementation,  the  analysis  of  Sec.  2  is 
simplified  in  two  ways:  (a)  The  infinite  summations  are 
truncated,  typically  beyond  rimax-S  in  the  vacuum  and 
Imax-^  in  the  dielectric,  and  (b)  The  imaginary  part  of  the 
permittivity  d  is  neglected.  The  latter  simplification  has 
been  seen  not  to  affect  the  field  structure,  or  the  frequency, 
even  for  values  of  the  loss-tangent  as  high  bs  0.1. 

Once  the  frequency  and  the  field  structure  are  obtained,  the 
quality  factor  Q^uWejJP  is  calculated  by  considering  the 
contributions  of  diffraction  and  of  dissipation.  For  an  open- 
ended  tunnel  the  diffracted  power  P^iff  is  the  integral  of 
Poynting’s  vector  over  the  cross-section  of  the  vacuum 
region,  and  since  is  calculated  just  for  one  periodicity 
length,  the  resulting  quality  factor  is  to  be  multiplied  by  the 
number  of  dielectric  rings.  The  power  dissipated 
inside  the  dielectric  material  is  calculated  by  assigning  a 
conductivity  u4  to  the  absorbing  dielectric  material,  hence 
Qdiss-^( where  is  the  electric  power  in 
each  dielectric  ring.  Thus,  the  total  quality  factor  is  given 
by  l^Qtot^^^^dQdiff~^^^Qdiss‘ 

4.  Results 

Using  the  numerical  code  HYBRID  in  a  typical  beam  tunnel 
geometry  for  azimuthally  symmetric  TE  modes  has  given  a 
frequency  spectrum  with  horizontal  straight  lines  and  with 
hyperbolic  segments,  as  is  presented  in  the  following  figure. 


80 


70 


60 


l8eeBS§8g§ee8e88ggggg§8§eee§8gggggg8B88eeege§S9e88 

l^lii§§§§g§§§g§g§sp§i§§§§§§isp§§g§§§§§§§§iigS^| 

fooooooooooooooooo8ooooooooooooo6ooooooooooooooooo 
®°°o8®  o8§°'' 

•eoeeeeoog3g0gg8eoooooooooooooooooe6g0000goooeeeee 

•*  qO®  °°°OOOooOOOOOOOOOO°  °o 

- ooooooo  Q80008888888880oo88° 

°  OoooO  ®  Oq 

80ooooooooeooeeeooeeeg8868ggoB0oo0*’®^oo<’ooooooo§8 

88888888888»000e888ooooooooooo8888000098888888888f 

OgOOOOOOOOO  OOOOOOOOOOOOOOOOOOOOOOOOO  OOOOOOOOOQO* 

«  - 0000000000( - 

oooooooooo 


N 

I 

o 


50  K§88§g8gg°8888888888888BBB8888888888888°ogooggggo; 


iooooooooo OOOOO 8^000000000 ooooooo OO0QOOOOOOOOOOOOOI 

ioooooooooooooooo  ®°'^®®00000000  qqqqoooooooooooo 

•OOOOO ooooooo OOOOO ^800000000 oooooooooo 


40 


30 


MOOOOOOOOOOOOOOOOOOOOO' 


0000000000000000000000 


^oooooooooo00gg0099eeoo88o88ooee88888888®®°°®®®®®® 

[ooooooooooooo  ®®®oooooooooo 

«o000000®®°°®®°°®®°°°°°0®00000o« 

>000000'^  oooooooooo 

lOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO' 
J  >00 OOOOOOO 000 00 000000000 00 ooooooo 000 OOOOOOOOOO 00 00 < 


20' 


0,0  0,2 


0,4  0,6 

kU2n 


0,8  1,0 


The  straight  lines  represent  cavity  modes  and  can  be 
associated  with  the  oscillation  frequencies  of  individual 
cavities,  consisting  of  the  dielectric  rings  (and  the  inner 
vacuum  bore),  fully  enclosed  by  a  conducting  wall:  Each 
cavity  can  oscillate  at  its  resonance  frequencies,  almost 
independently  of  the  adjacent  ones,  hence  the  lines 
Hk)-iir:av-const.  The  hyperbolic  segments  represent  the 
Bloch  components  of  propagating  waveguide  modes,  which 
depend  practically  only  on  the  inner  diameter  of  the 
conducting  rings  and  ignore  the  presence  of  the  dielectric. 

Additional  features  related  to  the  coupling  between  the 
cavity  oscillations  and  the  waveguide  modes  can  be  seen  in 
the  following  figure,  which  amplifies  i^k)  of  mode 
TE22,0'and  also  presents  the  quality  factors  Qdiff  and  Qdiss- 


This  mode  contains  two  cavity  oscillations  (at  60,6  and  at 
62,9  GHz,  which  correspond  to  the  TE7,o.2  and  TE^, oj  cavity 
modes)  and  four  Bloch  components  (near  the  edges  of  the 
figure,  the  harmonics  rt=-7  and  of  the  fundamental, 

with  cutoff  frequency  at  30,5  GHz,  and  near  the  center  of 
the  figure  the  n-0  and  n=+7  ones  of  the  first  radial 
harmonic,  with  cutoff  frequency  at  55,5  GHz). 

In  a  cavity  oscillation,  the  fields  are  expected  to  be 
concentrated  inside  the  dielectric  material,  while  a 
propagating  mode,  which  practically  ignores  the  presence 
of  the  dielectric,  has  its  fields  concentrated  inside  the  inner 
vacuum  bore.  As  a  consequence,  the  quality  factor  attains 
specific  limiting  values,  seen  in  the  previous  figure:  A 
cavity  mode  has  practically  no  diffraction  losses,  Qdiff-^, 
but  significant  dissipation  losses,  for  which,  in  view  of 
equi-partition  of  energy,  the  value  Qdiss~&/^  is  approached 
{-14  in  the  example),  giving  a  total  On  the  other 

hand,  in  a  propagating  mode  the  fields  do  not  penetrate  the 
dielectric  material,  hence  Qdiss=^  and  Qtot-Qdijf-^d^^g. 
where  is  the  group  velocity. 

Finally,  the  differentiation  between  cavity  and  waveguide 
modes  can  be  seen  indeed  in  the  radial  variation  of  the  field 
component  E.  shown  in  the  next  figure  for  kL/2 3=0,075 
(waveguide  mode)  and  0,200  (cavity  oscillation). 


The  threshold  in  any  beam-wave  interaction  is  controlled  by 
the  product  of  Q  with  the  beam  current  It  and  a  coupling 
coefficient,  hence  a  small  value  of  Q  is  needed,  in  order  to 
allow  for  the  beam  to  propagate  unaffected  by  such  an 
interaction.  The  existence  in  a  gyrotron  beam  tunnel  of 
propagating  waveguide  modes,  which  may  have  high  Q- 
values  (diffraction  limited  only)  has  therefore  to  be  taken 
into  consideration  in  the  design.  This  can  be  accomplished 
by  a  combination  of  (a)  a  short  beam  tunnel,  which  reduces 
Qdiff,  and  (b)  selecting  the  parameters  of  the  dielectric  rings, 
so  that,  in  the  vicinity  of  the  intersection  between  the  beam 
mode  and  a  waveguide  mode  with  strong  coupling  to  the 
beam,  the  spectrum  of  the  cavity  modes  is  dense  enough  to 
suppress  the  dominance  of  the  waveguide  mode. 
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